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Abstract 
This thesIs investigates human behaviour when controlling 6 Degree Of Freedom (DOF) 
Interfaces. A substantial literature review forms the basis for the deSign of an 
experimental framework. An assertion is made which states that effective control 
interfaces wIll support a broad range of actiVity in a virtual environment A review of 
motor control facilitates the design of a set of appropriate tasks and measures 
A series of7 experiments are presented. The series of experiments are partitioned Into 3 
studies: 
• Object Rotation In 3DOF (3 experiments) 
• Object Manipulation in 6DOF (3 experiments) 
• EgomotlOn in a 3D enVlromnent (1 expenment) 
A new rotation controller which maps 2D mouse input to 3DOF rotatIOn is deSigned and 
implemented. It IS then compared agamst an "integrated" 6DOF controller The purpose 
of these studies is to establish an experimental paradigm that will enable designers to 
examine operator strategies With mput deVices and interfaces 
From the experiments descnbed in the studies a number of conclUSions are made 
I. Operator strategies cannot be identified by smgle measures. Rather a variety of 
measures help disamblgIIate singIllar performance scores 
2 Control strategies can be employed due to the charactenstlcs of one interface 
component but can leak into behaViOur with other interface components which are 
related in terms of the task. 
3. A vanety of tasks must be employed to develop a rich picture of operator behaviour 
with a particular mterface 
4. Certain characteristics of an interface can mask other performance issues when 
comparing interfaces. 
5. Travel cane be analysed with a traditional trackmg task 
6. The control structure of the interface must match the control structure of the task 
domain If this IS exceeded then in some cases performance can actually be degraded. 
-ii-
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Chapter 1: Introduction 
1.1. Introduction 
Virtual Reality (VR) is a new and VIbrant medium which constantly pushes the 
envelope With regard to the visualisation of, and interaction with a vanety of problem 
spaces With a consistent increase III performance of asSOCIated technolOgIes and healthy 
competition in the market place dnving down the prices of hardware and software, the 
success of multi-dimensional interfaces in industry and recreatIOn would seem assured. 
However With the advances in technolOgIes come more pragmatic problems III realising 
the user's capabilities within a foreign environment 
VR offers a potentially unlimited canvas on which to represent and interact With data. 
This, coupled with ~dically new interaction styles and expenences, make the concept of 
VR very potent to those who need to represent and interact with large or abstracted 
multidimensional datasets 
However, this medium must be considered distinct from the more traditional "2Yz D" 
WIMP interface. While both provide a baseline for direct mampulation (Schneiderman, 
1992), the "desktop" metaphor employed in most windows environments is facilitated by 
a well established peripheral set (I e , 2D mouse, Keyboard, Monitor). The same cannot 
be said for VR, which ranges from the aforementioned desktop configI1fatIon to systems 
of far greater complexity requinng Significantly different Illteraction styles from the user. 
Agam, the task domain of the windows environment (at least at the interaction level) is 
much more constrained than that of the typical VR system (Schneiderman, 1992, Treu, 
1992). The greatest stumbling block in developing efficient, useable VR would seem to 
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be in effectively understanding how to represent and interact with a multi-dimensional 
data set. 
Complexities abound in both the task domain and system design concepts with regard to 
VR and its derivatives. It is therefore important to define parameters of the virtual 
environment that may be used as a basis for the discussion of interaction David Zeltzer 
proposed a description ofVR m his AlP cube (Zeltzer, 1994) wluch illustrates the 
complex mterrelationslups between the defining parameters m a VR system. The AlP 
cube sets out to define the components of a synthetic environment in terms of a 
coordinate system giving a measure of the quality of the system across three interacting 
parameters. 
Zeltzer's cube (figure 1.1) illustrates 3 axes - autonomy, interactIOn and presence. 
Autonomy is defined as the "ability of the environment to act and react to simulated 
events". Interaction is ''the fidehty with which the environment deals with interactions 
between its participants both human and synthetic". Presence provides "a rough measure 
of the number and fidehty of available input and output channels". 
Zeltzer linked the position of an application within the cube WIth task performance. He 
mdicated that wlule clearly, an evaluation of a VR system in these terms is highly task 
dependent, every design solution for a virtual enVironment can be charactensed within 
these bounds. It is eVident also that for an interactive virtual reality system to be truly 
effective it should tend towards the upper bounds of the interaction axlS. 
However, a more subtle Issue is imphed in succeeding work into mteraction in VR. It 
may be postulated that contrary to the impression given by Zeltzer's diagram It IS rare 
that a system can be characterised along one axlS only. Indeed, the key to developing VR 
systems may weIl lie in the mteractlOn between each of the different axes. Thus, a Gestalt 
point of View may state that the quahtatlve measure of a Virtual reality system is made up 
of more thanjust each component considered in isolation. 
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(1,0,1) Virtual Reahty (l,I,I) 
,,---------, 
(1,0,0) ~--+ ___ -{ 
Autonomy 
(0,0,0) 
(0,0,1) (0 I I) 
",'-'---'-'--'---+---! " 
interaction (0,1,0) 
Convenbonal CAD 
Figure 1.1. Zeltzer's AIP cube. (Zeltzer, 1994) 
From Zeltzer's descnptlon one may hypothesise that for a dynamic multi-
dimensional world to function effectively the user must be able to 1) perceive the 
environment accurately and 2) interact efficiently With that environment For both pre-
requisites researchers may consider work from outside the field of virtJ.tal reality as a 
starting point. 
As In more traditIOnal interfaces (Card, Moran & Newell, 1986), in order to 
remain relevant VR must build on the cognitIVe and perceptual capabilities and 
requirements of humans. Ivan Sutherland was one of the first exponents of what became 
known as virtual reality with his stereoscopic head mounted display, which has since 
become a popular Icon In the field (Sutherland, 1968). ThiS technology was based on 
work carried out much earlier by researchers such as Wheastone, Brewster, Panum and 
others, into depth perception (Wheatstone, 1838; Panum, 1858, Brewster, 1856). Clearly, 
this was a sensible, almost inevitable step. However, It must be noted that our 
understanding of these basic sensory Issues is not mature enough in itself to envisage 
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systems which would create a completely believable sense of presence within a Virtual 
enviromnent. Also, with the technical capabihties of associated VR technology there has 
been a tendency for self-reference Here the distinction between the development of new 
technology and a fundamental need to develop a basic understanding of psycho-physics IS 
evident. 
The concept of interaCTIon In a synthetic space has posed many problems for designers 
since the conception of virtual reality. Poupyrev, Weghorst, Blllinghurst & Ichikawa, 
(1998) state 
"Currently, there IS little understandmg of how mampulatlOn mterfaces should be 
deSIgned to maxImIse user performance ... VE deSIgners have had to rely on theIr 
mtUltlOn and common sense rather than on the guIdance of established theory and 
research results." (poupyrev, Weghorst, Billinghurst, & Ichlkawa, 1998) 
In virt1!al enviromnents there have been numerous interface designs winch tackle specific 
task domains (Llang, & Green, 1994; Kaufinan, Yagel, & Bakalash, 1990; Houde, 1992; 
Forrest, 1986; Femando, Fa, Dew, & Munhn, 1995; Coleboume, Rodden, & Palfreyman, 
1995). These design solutions have stemmed largely from the Computer Aided Design 
(CAD) packages which may be conSidered the most highly developed of the VB 
application areas (see mCAD, (Liang, & Green, 1994». However, It would appear that 
there are a lack of fonnal deSign methodologies with which to tackle the design process, 
especially WIth regard to the demands of the more dynamiC apphcations (Bishop, & 
Fuchs, 1992; Hemdon, Dam, & G1eicher, 1994). 
There could be a number of reasons for such a lack of structure. Various researchers 
have Identified a number of cognitive and percept1ta1 issues associated with working in 
VR which can effect a user's perfonnance (Kim, Tendrick, & Stark, 1991; Zhai, Buxton, 
& Milgram, 1994; Liu, 1992; Hemdon, Dam, & Gleicher, 1994, Bishop, & Fuchs, 1992). 
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Due to the complexities of these Issues it is clear that there is stIll much work to do in 
understandIng how they will effect the desIgn process. 
Due to the obvious complexities of interface desIgn for virtual enviromnents a number of 
working groups have been formulated to address the issues and to try to provide some 
structure for the contInuation of research in this field. In 1992 a committee of researchers 
was brought together at Chapel HIll, UNC to investigate research dIrections in Virtual 
EnVlromnents (BIshop, & Fuchs, 1992). From the respective discussions a number of 
assertIons regarding interface design were made: 
• There was no urufYIng theory on world construction. 
• The models of interactIOn in Virtual EnVlromnents were very naive. 
• There was a general assumption by users that the virtual world would be the same as 
the physical world. 
There appeared to be very little in the way of formal methods applied to interface design 
for VEs It became evident that a number of strands of research were developing, each of 
which may essentIally have been pulling VEs in dIfferent directions BIShop, & Fuchs 
(1992) made it clear that it was important to determIne what aspects of2D WIMP and 
desktop metaphors were generalisable to higher dimensional virtual worlds. They 
proposed thIs as the baseline for the design of interfaces to VEs 
Moreover, there appeared to be a need for the definition of a "generic level" where 
formal methods could be brought to bear. This level would inevitably be low order, but 
would relate to an overall theory of activity within VEs. This would be similar to that of 
the phYSIcal world. 
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In the CID'94 workshop, Hemdon, Van Dam, & Gleicher (1994) addressed the research 
issues involved in developing a design strategy for YR. A number of assertions relating 
to the desIgn of interfaces for Virtual Environments were made. These were that, 
• 3D interfaces can be effective in certain situations if they proVIde a way of interacting 
WIth the vIrtual enVIronment that is similar to physical world interactIOn. 
• There is a need to assess the perceptual, cognitive and motor capabIlities of humans 
engaged in 3D interaction in the physical world as well as in the HCI context. 
• It is important to understand how different system configurations will effect human 
performance 
• It is important to find general techniques for interactIon tasks that are independent of 
input and output devices 
The problems that face user interface designers for YR systems would appear to be 
twofold. Firstly there seems to be a lack of understanding of how to represent goals in the 
virtual environment In other words, some definition of what the user can hope to achieve 
in a virtual environment given the constraints of the technology. Furthermore, there also 
needs to be a basic apprecIation of how to represent the interface in terms of affordances 
and metaphors, whether they be real-world or more abstracted. At a second and more 
fundarnentallevel, how does the designer map the constraints of the user's physical 
movements onto the task domain of the virtual environment? The answers to these 
questions would provide a solId basis on which to bUIld design methodologies. 
I 
This thesis will address the latter of these problems. Specifically the following questions 
are routInely addressed· 
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• What desIgn options are there for control in a VR system? 
• What cognitIve and perceptual issues are relevant to these design options? 
• How are the answers to the preVIous questions moderated by the task content? 
Research into interaction in a virtual environment has largely been split into two 
common threads Firstly there are the development of interactIon devices and associated 
.' 
mteraction aids in the Virtual environment WIiham Buxton illustrates a taxonomy of 
interaction devices (Buxton, 1983) (see figure 1.2). The taxonomy places input devices in 
a matrix by the property sensed (rows), number of dImensIOns sensed (columns), 
requisite motor skIlls (sub-columns), and interaction directness (sub-rows). 
Number of dimensions 
1 2 3 
Property Sensed Position Rotary pot SlidlOg pot Tablet and Tablet LIght pen FloatlOg 3D 
puck and joystick joystIck 
Touch Touch 
tablet screen 
Motion ContlOuous Treadmtll Mouse Trackball 3D 
rotary pot trackball 
Ferinstat X/Ypad 
Torque Isometric 
sensor joystick 
Figure 1.2. Buxton's taxonomy of interaction Devices. (Buxton, 1983) 
It is clear that the development of human factors in the design of interactlon devices is 
seeded in engineering psychology (Wickens, 1986), WIth issues ansing from device 
characteristics such as control order and degrees of freedom coming to the fore. 
However, this is by no means the whole picture. Limitations in the control device (or 
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indeed in other aspects of the interface) tend to be ffilsmatched WIth the reqUirements of 
the task. Thus, mappmgs and display aids have been developed to compensate for this 
(Kim, Ellis, Tyler, Hannaford & Stark, 1987; Kim, Tendrick & Stark, 1991; Liu, 1992) 
Fundamentally, the nmnber of dimensions offered by the interaction device may fall short 
of the task requirements. Thus, modalities involving different combinations of interaction 
dimensions can be employed to attempt to overcome this problem. Issues associated with 
depth perception with respect to the task may be overcome by visual aids within the 
environment, or peripherals, which give the illUSion of stereoscopic viewing. Each of 
these methods has its drawbacks. Performance degradation IS often compounded by the 
mtroduction of perceptual aids and mappmg solutions 
The second thread of research m interaction in VIrtual environments is also task based, 
but rather than matching the perceptual structure of the interface to the hmnan's bottom 
level task requirements, this work seeks to extend the user's capabilities within the 
enVIronment. This work is concerned less with making an interface work on a 
fundamental level as providmg metaphors which improve on base task performance. 
Analysis of certain tasks may indicate that the user WIll be interacting with objects which 
are at widely varymg distances. Rather than mOVIng between the objects, a feature may 
be added which WIll allow the user to reach beyond arms length There are a small 
nmnber of Implementations which address this issue, some based around ray casting (i e. 
casting an infinitely long ray into the scene and manipulating the first object which the 
ray intersects) or other, more esoteric techmques such as the go-go technique, which 
enables the user to stretch their arm into the enVIronment (Poupyrev, Blllinghurst, 
Weghorst & Ichikawa, 1996) 
Undoubtedly these solutions have benefits for certain task domruns, but the designer 
should be extremely careful when implementmg such techniques in (for exrunple) a 
dynrunic enVIronment. The various perceptual and motor implications of marupulating an 
object which is a significant distance from the user can degrade performance and induce 
frustration m many circmnstances depending on the design. 
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A further augmentation of the enVironment which is addressed by both research threads 
may be the introduction of pre-defined knowledge about the interactIons which may 
occur within the environment Many CAD systems are designed around the concept that 
there are a predictable number of ways in which a user will select and manipulate objects 
within the enVironment. Enc Bier developed a process called snap dragging (Bier & 
Stone, 1986; Bier, 1990) which enabled the user to manipulate objects with reference to 
other objects within the enVIronment by snapping the cursor to vertices and edges to 
establish (3D) reference points even with a desktop mouse. The process was further 
extended With the Introduction of skitters andjacks (Bier, 1986) which enabled the user 
to associate vanous objects With partIcular types of manipulation. This work has been 
carried on by a number of researchers under the generic heading, constraint based 
modelling (Kramer, 1991; Fernando, Fa, Dew & Munlin, 1995). CBM is often dependent 
on the provision of analytical geometry in order to derive the constraints. While tins 
information IS often supplied by CAD tools it is rare to find it in other formats which tend 
to be defined in terms of polygons 
With the recognition of a bottom level control structure come design criteria, which will 
indeed be driven by task dependencies. TIns thesis wIll endeavour to address both the 
design Issues at this level and the complicated Issue of relating thiS work to a structured 
evaluation process WhIle understanding that subjective opinion is clearly valuable, in a 
sometimes dynamic and highly interactive environment, the benchmark for performance 
must include an empirical representation of human actIvity in a dynamic task. As in the 
deSign process Virtual reality may borrow from previous work in other research areas. 
The application of tried and tested techniques will inevitably yield a formal description of 
the evaluation process at tins level. 
1.2. Approach to the Research 
The background research is conducted through a detailed review of the literature, winch 
is multi-disciplinary in nature, ranging from motor control and engineering psychology, 
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through cogmtlve SCience, to systems engineering literature. The coordination of this 
literature elicits a detailed picture of human behaviour With Interfaces to synthetically 
represented environments. 
Experimentation is a fundamentally important component of the research methodology. 
In this thesis an Integrated approach IS undertaken (Chapter 4 descnbes the IuerarcIucal 
decomposition of control, wIuch proVides the basis for much of the following research). 
For the most part each experiment forms a link in a chain, which enables us to break 
down the components of a control interface into perceptlial-motor, and attention issues. 
-..,,- ";.-
The task aomain is fundamentally important. An ongoing investigation into the effects of 
task on behaviour is undertaken, both in the literature review and the experimentation. 
Finally, the research would not be complete without some systems design. The thesis 
develops a number of novel control paradigms for object manipulatIOn and egocentric 
motion in the virtlial environment The designs span unimanual and bimanual interactIOn 
and incorporate a variety of contemporary perceptlial and motor rnapping techniques. 
However, it must be noted that these designs are first and foremost diviSive as part of the 
exploration of the functIOnal decomposition of an Integrated interface. Wlnle they are 
built on the lessons learned from previous designs, they are not designed with any 
particular application in mind. They merely represent differing design alternatives for a 
6DOF interface. 
1.3. Outline of the Thesis 
The thesis is conceptually broken up Into two lOgical sections. SectIOn 1 presents 
a literature reView (Chapters 2 and 3) and the hierarchical decompositIOn methodology 
(Chapter 4). While section 2 presents the experimental studies (Chapters 5,6,7,8 and 9). 
Chapters 2 and 3 examine human performance in motor control tasks They proVide an 
overview of the wealth of literature In motor control and relate it to the virtual 
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environment task domain. Methods for sconng performance are descnbed, as well as a 
review of experimental design Issues. Chapter 3 provides a comprehensIve review of 
research which has described the behaviour of operators trackIng a randomly moving 
object. The chapters include diSCUSSIOns of multi-axis and bimanual control 
Chapter 4 presents the hIerarchical decomposition methodology. This IS the framework 
for the follOWIng experiments. The chapter relates the methodology to current literature 
in attentIOn and cognition, and to contemporary motor control literature. 
Chapter 5 describes the issues in providing rotation control in 3DOF. The chapter 
provides a comprehensive lIterature review of contemporary 3DOF rotation controller 
. ~ . 
designs. From this discussion a number of deSIgn guIdelines are proposed An improved 
rotation controller is designed 
Chapter 6 comprises 3 experiments which compare and characterise operator 
performance with a variety of rotation controllers These rotatIon controllers now form 
the basis for the ensuing object manipulation experiments. 
Chapter 7 exanJines object manipulatIOn USIng bimanual and unimanual controllers. The 
chapter compnses a comprehensIve review of the literature in object manipulation, both 
in virtual reality and in other areas. 
Chapter 8 descnbes 3 experiments. The first experiment exanJines the operator behaviour 
with a translation controller in the dominant hand and a controller in the non dominant 
hand. The next experiment exanJines translation and rotation In a dockIng task. The 
results from this experiment are compared to the rotation only study in chapter 6. The 
final experiment in this chapter IS the tracking task. Subjects are asked to perform a 
tracking task with either a unimanual controller in the dominant hand, or a bimanual 
controller. The rotation interfaces described in chapters 5 and 6 are represented in thIs 
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experiment. Again results are related back to the first experiment in this chapter and to 
the previous chapter 
Chapter 9 examines Virtual travel, or egocentric motion in a virtual space. A tracking task 
is defined and employed to compare 3 interfaces for virtual travel The chapter begins 
with a review of the pertinent literature. 
Chapter 10 presents a discussion of the 7 expenments and a pointer to future work. 
AppendIx 1 presents an insight into some of the programming techniques employed in 
developIng the software for the experiments conducted in this thesIs. 
This section has reViewed the outline of the thesis The thesis is broken down Into 2 main 
sections, lIterature review and experimental work. The experimental work is further 
subdivided into rotation, object marnpulation, and Virtual travel. 
1.4. Summary 
T1us chapter has provid~d an introduction to the thesis. The motivation and research goals 
were covered In some detaIl, as well as the outline for the thesIs. 
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Chapter 2: Investigating Motor Control 
2.1. Introduction 
This thesis is given to the exploratIon of methodologies for the study ofhwnan behaVIour 
With Interfaces to complex (virtual) envIronments. As tms chapter will Illustrate, the 
hwnan operator is an extremely complex system. He is highly adaptable to many changes 
in the task or interface domains, yet his ability to cope WIth complex control situations is 
defined largely by a complex mix of experiences and imJate capabilities. 
The operator certainly develops movement strategies In many task situations. However, 
these strategies are moderated by various components of the task and the interface. To 
develop efficient control interfaces for virtual environments one must understand the 
compleXItIes of the task In terms of the hwnan operator and then factor in the complex 
effect of the interface. 
ThIS chapter will discuss the techniques involved in the study of motor control. In dOIng 
this it will addresses some important questions relating to control and control devices for 
virtual enVIronment applicatIons Namely; 
• Can representatIve tasks be identIfied for the examination of operator behaVIOur with 
multIple degree of freedom interfaces? 
• Is it possible to describe the characteristics of the hwnan operator in such a way as to 
attribute the use of a specific control device in relevant task situations? 
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• Can the characteristics of a particular operator be generalised across a population of 
operators? 
• What are the appropnate methods of sconng perfonnance? 
• What are the Imphcations of the research into human perfonnance, for complex 
control environments such as those exlnbited in VR applications? 
Virtual Reality applications proVide the nser with a variety of perceptual-motor 
challenges. To fully understand these issues it has been necessary to draw on a raft of 
experimental techniques which facilitate the examinanon of the breadth of issues 
pertinent to operator control. Early research into control emanated from applications in a 
variety of areas including, aircraft pilotmg, driving and gunnery. These applicatIOns were 
largely represented by 1 and 2 degree of freedom tasks. It wasn't until space travel and 
satellites became a reahty that a deeper understanding of SIX degree of freedom control 
became necessary (Rice, Yorchak, & ~ey, 1986) However, It remains unclear how 
the successful early models of control translate to the more complex higher order control 
applications. Indeed some researchers noted a scepticism within the research community 
as to whether unimanual 6DOF control was at all pOSSible. ThiS section Will begm by 
exammmg the fundamental control research methodologies which have fonned the 
backbone of the area. 
Interest in human perfonnance has spawned a crossover between engmeering and 
psychology disciplines (Rouse, 1977), providing valuable insights into the human motor 
control process Theories developed by leading researchers in this area have helped 
define controller characteristics and have provided an insight into the link between 
operator and interface to the point where reasonably robust models of control have been 
fonnulated (McRuer and Jex, 1967, Lickhder, 1960; Baron and Levison, 1977). These 
theories are of fundamental importance to the analYSIS and design of control interfaces for 
virtual environments. In the real-world a tool is typically designed with a specific task in 
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mind. In virtual enVIronments many of the fundamental buildmg blocks of the interface 
must be genenc. With the diversity of interactIOn devices, the necessity for complex 
mappings between physical movement and virtual action is ineVItable. It is clear that 
these mappings must be designed from the bottom up with the emphasis on basic control 
mechanisms. 
One must begin by establIshmg an expenmental task domain which will enable the 
expenmenter to observe the operator's performance. Once this has been defined, it is 
important to formalise the task itself and the operator's response. An understanding of the 
interaction between the human and the interface wIll be gleaned from a series of 
measures of performance against the task domain. These measures may be related to a set 
of criteria which describe a desirable interaction state. However, due to the Inflated 
demands on the human operator m virtual reality, the complexities of analysing control 
will become apparent 
As Jacob, Legget, Myers & Pausch (1993) suggest, a 'demand pull' rather than 
'technology push' approach needs to be adopted in the development of interactIOn 
deVIces. In developing the right interaction devices and metaphors for interaction in 
virtual environments we must cultivate a deeper understanding of the human operator's 
capabilities, both in terms of motor control and associated cognitive processes. The 
mterface to the VIrtual enVIronment is perhaps the most intncate and complex component 
of the system, yet requires the simplest of metaphors and most compelling of affordances 
in conveying functionalIty to the user. 
TIns chapter seeks to descnbe a variety of methodologies for the study of motor control. 
A mathematical approach to the representation of operator control is explored to give an 
insight into some of the techniques adopted in the later studies. Initially the discussion 
focuses on single dimension environments. However, multi-axIS control and secondary 
tasks are also touched upon. 
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2.2. A Model of the Input Device 
, 
This section will consIder how the physical constraints of the input device may be 
quantIfied and to some extent, compensated for by the interface designer. The input 
device is descnbed by discrete components that may be categorised as eIther tuneable or 
not tuneable (MacKenzie, 1995). Each component Will effect the way in which a task is 
undertaken with an interface exhibiting the described characteristics The relationship 
between the charactenstics of a component and task perfonnance are complex, especially 
when the components are combined in the interface. Some characteristics Will alleViate 
the harmful effects of others whIle certaIn combmations may aggravate unwanted effects 
(e g , A lugh C-D gain Will aggravate a long lag in many situations) 
The following list is by no means exhaustIve, but it does give an idea of the variety of 
interface components avaIlable to, or imposed on the designer. 
2.2.1. Resolution 
Resolution is "the spatral resolvmg power afthe devIce "(MacKenzie, 1995) The 
resolution can contnbute to the "feel" of the interface. If the deVice exhibits low 
resolution it can seem coarse. This can be especially frustrating for fine positioning. 
Devices can exhibit varying resolution depending on the degree of movement. Many 
devices can appear to resolve well for small movements and poorer for larger 
movements 
2.2.2. Sampling Rate 
Sampling rate can be defined as the number of measurements made by the input device 
per unit time. A high samplmg rate is often essential for virtual reality applications as the 
operator will tend to be manipulating m a number of dimensions simultaneously. The 
complexities of the manipulations will tend to necessitate a higher infonnation rate in 
tenns of feedback for the operator. 
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2.2.3. Lag 
Lag may be described as a delay in the updates to the display m response to input actIOns 
(MacKenzie, 1995). CompleXities in the scene graph may cause lag due to the time taken 
to compute the scene on a frame by frame basis Lags may occur in reportmg the 
manipulation to the computer Lag is ahhost always detnmental to perfonnance. 
2.2.4. Control-Display (C-D) Gain 
C-D gain expresses the relationship between the motion or force m a controller to the 
effected motion m the displayed objects As MacKenzie (1995) argues, varying C-D gam 
raises a trade-off between gross positioning time and fine posltlOrung time This pomt IS 
further illustrated in the diagram below It would seem that the optlmal settmg IS at the 
intersection of the two curves, smce at thiS point the total time is mimmised However, 
mirumismg total target acquisition time is further confoUnded by a non-optimal error rate. 
Positioning 
Low 
Gross 
POSlltOrung 
(ballIstIc) 
Fme 
C-DGam lbgh 
Figure 2.1. The relationsmp between Control-Display gain and positlOrung time 
MacKenzie (1995) 
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In some situations there IS value in enabling the user to vary the gain, thereby optimising 
the parameter With respect to the task. Gain may also be varied (sometimes non-linearly) 
across the controller. It may be temptmg to suggest that fine positioning is aSSOCiated 
with smaller movements and ballistic movements are associated with large movements. 
The response of the device could be tuned to this phenomena, with a small gain for small 
movements and a large gain for Ingher movements 
2.2.5. Control Order Mapping 
Control order mapping descnbes a spatio-temporal relationship between a force or 
movement in the real-world and the correspondmg action in the virtual enVlromnent. A 
zero-order control system will relate a change in position in the real world to a smgular 
change in position in the virtual enviromnent. 
A first-order control system relates a change in position in a real world controller to a 
change in velocity in the virtual enviromnent. 
I>V = I>S / I>t 
A second order control system relates a change m posItIon m a real-world controller to a 
change in acceleratIon in the virtual enviromnent. 
SA = 'OV / 'Ot 
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As Poulton (1974) and Wickens (1986) point out, high orders of control tend to make It 
difficult for the user to perform target directed movement (specifically in tracking tasks). 
Designs of vutual enviromnent interfaces for control tend to be based around orders 0-2. 
As this thesis will show, when parameters are combined, the "best" control order is not 
always a straightforward selection of the lowest pOSSible order. 
2.2.6 Degrees Of Freedom (DOF) 
An interaction device may proVide a number of degrees of freedom. Thus, the user may 
apply forces to the device in a number of different directions. A desktop mouse is a 2-
degree of freedom device (X, Y). A VR wand is typically a 6-degree of freedom device 
(X, Y, Z, Yaw, Pitch, and Roll). When considenng the manipulation of an object in the 
virtlial enviromnent, one may consider the need for control of all 6 degrees of freedom. 
This is clearly provided by a wand. Mapping control of the 2D mouse mto 6 degrees of 
freedom is complex. This may be achieved by altering the "meamng" of the mouse 
movements (e g. diagonal movements of the mouse could describe virtual movement in Z 
for the virtlial object (Emmenk, 1990)). IneVitably a mapping will involve compromises. 
However, it must be recognised that often it is desirable to constrain movement to 1 or 2 
degrees of freedom (e g, pushing a bolt mto a hole). Here the 2D mouse may well 
prosper. 
2.2.7. Isotonic vs. Isometric Controllers 
A limb can send and receive infonnation through either force/torque or 
displacement/rotation. Correspondingly, an isometric deVice connects a limb to the 
virtual enviromnent through force/torque while an isotomc deVice does tlus through 
movement. 
2.2.8 Environmental Factors 
There are a number of external factors to consider when descnbing an interaction device. 
For example, it is important to consider the phYSical range of movement. For a mouse 
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this might be the extent of the mouse mat. For a 600F hand controller it will be 
dependent on the range of the tracker Other environmental factors might Include the 
weight of the device. Users may suffer repetitive strain injuries after prolonged use of a 
heavy interaction device, especially if the interface requires them to maintain the device 
in an uncomfortable position for any length of tJme 
2.2.9. Complex Control Mapping 
It is evident that constraints in the design of an interface to a Virtual environment can 
evolve from anyone of a number of sources. In solving one problem it may become 
evident that the designer is creating another. For example, when considering the use of a 
desktop mouse to perfonn pick and place tasks In the virtual environment, there are not 
enough OOF or physical space available to carry out the task without some functional 
mapping. Here gain or control order may be used to overcome the limitations in device 
range and some fonn ofmodahty will overcome the OOF problem. However, it is also 
clear that these compromises Will interact in tenns of the degradation in human 
perfonnance. It is important to understand how these elements combine and how the 
designer can lirrut their effect. 
2.3. An Introduction to Control Dynamics 
Traditional analySIS of operator control has evolved from research conducted on pilots, 
automobile drivers and astronauts (Wickens, 1986; Poulton, 1974; Rice, Yorchak, & 
Rartley, 1986). A relationship exists between the basic control requirements In a Virtual 
environment to those experienced by astronauts, pilots and drivers. For example, pilots 
and drivers must propel themselves through a muitJ-dimenslOnai environment. The 
mlhtary pilot Will perfonn target acquisltJon tasks similar to the selection process in the 
virtual environment. Astronauts tend to run the full gamut of tasks from propelling 
themselves through various environments to catching and manipulating free floating 
objects such as satellites. 
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All these tasks may be fundamentally defined as target following (Wickens, 1986). 
Whether that be a single-step input, as m the selection process, or a more complicated 
(pseudo-random) input, as in the process of travel within the enVIronment. Thus, It 
follows that a measure of the qualIty of the interface could be based on performance in a 
target tracking situation. 
Numerous Illustrative models of the human/controller system have been proposed (see 
Burrows, 1965 and Wickens, 1986) A simple example is given by Wickens (1986) in 
figure 2.2. If one considers a typical tracking task, for example steering a car, the process 
can be described by the diagram The human operator (H) observes the position of the car 
relative to the desired position on the road, e(t), through the wlOdscreen of the car (0). 
To compensate for the error in poSItion, the human operator applies a force, f(t), to the 
steering wheel (C). The resulting movement of the steering wheel, x(t), delivers a signal 
to the car itself (G), provoking a change m positIOn, u(t). A dIsturbance function, Id(t), 
may account for external features of the environment which have a beanng on the control 
peiformance, such as a side wind. The new position of the car, coupled WIth the new 
view of the road ahead, ic(t), are fed back mto the dIsplay. The feedback enables the 
driver to modifY his strategies for minimismg the error m terms of current position of the 
car and desired position of the car. This simple representatIOn can be used to descnbe 
even the most complicated tracking task. The power of the tracking loop is m 
understanding the dynamIC components of the representation (e(t), f(t), x(t), u(t) , ic(t), 
and id(t)). 
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Display Human Control System 
Operator 
Figure 2.2. Representation of the tracking loop (from Wickens). "The figure shows the 
series of time-varying signals as each is transformed by dynamic elements in the loop. 
e(t) = error, £(t)= force applied to control, x(t) = control movement, u(t) = system 
response, ic(t) = command or target input, and id(t)=disturbance input." (Wlckens, 1986) 
Figure 2.2 can be descnbed as a closed loop system. The human operator adopts 
strategies to minimise the error based on the output and the perceived error which is fed 
, 
back into the display (negative feedback loop). In contrast, an open loop system descnbes 
the operator utilising pre-formed strategies to minimise the error which are not based on 
the feedback into the display. The human operator will tend to utilise strategies which are 
closed-loop early on in the training penod. These will tend to open-loop strategies as the 
operator becomes more proficient This is a gross simplification for the purpose of 
Illustration. It must be understood that the human operator is actually made up of a 
multifaceted interchangeable set of open and closed loop elements (JagacmskI, 1977). 
The behavioural aspects of the human operator are discussed in the next chapter. 
Traditional research mto control dynamiCS has dealt With lInear input/response systems. 
That is, there is a linear expression which exists at all points of the input, which relates 
signal input to control output In contrast the human operator is a non-linear system. As 
McRuer (1980) observes, the operator response to a given input may be diVided into two 
components connected in senes; 
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"an effictlvely linear component whIch correlates wIth the Input, and a remnant or nOIse 
component whIch has a non-linear relatIOnshIp wIth the Input." 
The operator's response to a gIven input IS saId to be quasI-linear. Due to the vanabIlity 
in sources of non-linearity research has tended to focus on the linear component of the 
response. 
In designing c ontrol for virtual environments, it would be converuent to have a notion of 
Wickens (1986) presents 4 criteria for ideal control, which are described in Ideal control. 
table 2.1. 
Each of the c omponents of table 2.1 relate to a speCIfic definition of quality. They are 
ve measures It is conceded that subjective opinions may not necessarily 
these measures. 
purely obj ecti 
correlate with 
Control 
Criteria 
Low 
Error 
StabIlIty 
Workload 
Control 
Activity 
Description 
A bsolute error may be descnbed as a measure of the difference between 
nput and operator response. i 
S' tabIlity refers to the operator's abIlity to achieve a bounded response to 
he target movements with a specific interface. The contrary would t 
c ause oscillatory behaviour, where the user could not home m on the 
movement of the target. 
Workload relates to the amount of physIcal and mental resource 
located to the task a] 
C ontrol actIvity IS intmtately related to workload It IS a measure of the 
umber of control steps taken to achieve a partIcular response. n 
Table 2.1. W ickens' (1986) criteria for ideal control. 
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The 4 criteria for Ideal control each contnbute an element of the overall quality of the 
control interface. The relative importance of each element will be dependent on the task 
cnteria. 
This section has introduced some of the concepts involved m describmg the hImlan 
operator. The human operator IS a fundamentally complex system which is tremendously 
adaptable to different control sltliatlons. The motivation for developmg control for 
virtlial environments must be in promoting Ideal control Ideal control is described in 
tenns of 4 components, which in tlirn may be considered parameters of the interface. The 
following section will fonnally represent the input and operator response. 
2.3.1. Mathematical Representations of Control 
The previous section described the control structure of a tracking task. A clearer picture 
of the tracking process may be gleaned from a fonnal mathematical representation. Thus, 
one must consider both the input to the system and the vanous dynamiC components, 
both human and mechanical. This section will describe the system input and response in 
both the time and frequency domains From there some of the fonnal descriptions of 
human operator control will be discussed. 
There are various types of input, ranging m complexity, which the expenmenter may 
choose to use to evaluate human perfonnance (poulton, 1974). Figure 2.3 illustrates a 
selection of the variety of inputs which the human operator may be reqUired to track. The 
step input (2 3a) is the Simplest and represents an mstantaneous change in state Step 
inputs relate to positioning tasks in virtlial environments In tests the initial time delay 
before a response to the track is made by the operator can be described as the operator's 
reaction time. In recent work by Zhal and MIIgram (1998), co-ordination is used as a 
measure of perfonnance with a step track, i e the route the operator takes in matching the 
poSition and/or orientation of the target is compared to an optimum route, the difference 
serving as a perfonnance measure. The ramp input (figure 2.3b) represents a constant 
change in state. Poulton (1974) states that the importance of ramp tracks is that the 
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operator is set a 'constant, unchanging problem.' He observes that any change In response 
must be determined by the operator's limitations and by the strategies whIch he adopts to 
overcome those limitations. A sinusoidally varying input is a more complicated input 
(figure 2.3c). This will tend to be more taxing than the previous inputs. Poulton (1974) 
favours sinusoidal inputs in evaluation of human control, as they tend to provoke more 
control actIvity in the operator. However, SinUSOIdally varying inputs do tend to be 
reasonably preillctable, enabling the subject to develop open-loop strategies early on in 
the learning process. To nd the conilltion of anticipation on the part of the subject, a 
completely random input would be required. However as Poulton (1974) observes, "An 
irregular track cannot be really random if It IS to be tracked successfully. Very hIgh 
frequencies of large amplitude make tracking virtually impossible, and have to be 
excluded". Elkind (1956) uses a gaussian white noise function with the high frequency 
components filtered out to give a pseudo-random input Other researchers have used 
combinations of Sine waves of differing frequency and gain (figure 2.3d) , termed 'forCing 
functions' providing a pseudo-random input Zhai (1996) implements a version of the 
sum-of-sines track. 
19 
x{t) = LAp'sin{27r foP' t+t/Jz{I» 
1::0 
Where t is the time elapsed in seconds. The constants (A,p,fo, <h{i» define the phase and 
gain offsets of the constituent sine waves 
As can be seen In figure 2.3, the inputs vary in complexity, inevitably yielding differing 
control responses from the operator. This section has described each of these inputs with 
respect to related tasks in the virtual environment It should be noted that the gain and 
frequency of the tracks will have a direct bearing on performance (Poulton, 1974; 
Krendel and McRuer, 1957; McRuer and Jex, 1967) Fitts and Posner (1967) showed the 
relationship between gain on a step Input and response time IS exponential. Poulton 
(1974) noted that by doubling the rate of the ramp track effectively doubles the average 
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error. Furthennore, he points out that doubling the amplitude of a sine wave track 
roughly doubles the average error. 
(a) (b) 
(c) (d) 
Figure 2.3. Four different types of input. (a) A step Input (b) A ramp input (c) A 
sinusoidally varying input (d) A sum of four sine waves input, showing four constituent 
sine waves and the resultant pseudo-random input. 
The charactenstics of an operator's response may also be expressed fonnaIly. Errors in 
perfonnance may typically be described by a combination of pure phase lag and gain. 
The combmation is typically augmented by noise (referred to as the remnant). Poulton 
(1974) identifies a number of possible sources of remnant; 
• Variations in phase between the input and the response. 
• Non-linear strategies employed by the operator such as bangbang control and 
dithering. 
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• Muscle tremor. 
The linear component of the operator's response may be represented in the frequency 
domain This representation is known as a transfer functIOn. A closed loop transfer 
function relates the operator response to the system Input An open-loop transfer function 
relates the operator response to the error. It is much more common to use the closed loop 
transfer functIon as they are much easier to interpret 
The partial derivation of the closed loop transfer function is given below (from Elkind, 
1956) 
From the Founer transform EF(W), of the mput, the power-density-speCtrum, Gpp, of the 
input is given by, 
The cross-pOwer-density-speCtrum of the input and response, <mc, is, 
From the equations above the closed loop transfer functIOn H(w), may be given by, 
The transfer function is based on the fraction of the response which is linearly correlated 
With the Input. In order to approximate the degree to which the transfer function 
represents the actual control characteristics of the operator, the cross-power-density-
spectrum of the noise component, Gnn(w), must be calculated. 
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Thus, the linearly correlated fraction of the output, L(w) is given by, 
L(w) = 1 G",,(w) 
Gxx(w) 
The transfer function may be represented graphically in a bode plot A bode plot 
separates the phase and gam information, with gain appearing in the top half of the graph 
and the phase component in the bottom half. Examples of bode plots may be found in 
table2.2 The vertical axis of a bode plot represents energy (dB), while the horizontal axis 
represents frequency (Hz) 
Element Response Transfer Function Bode plot 
(frequency domain) 
~ .. .... _ ..-
~ --_ ... _ .... __ .. Gain O=KI 
f\ -.----1T ........... Pure Time Delay 0= e-ts , 
~ .... " ~ ...... - ... '.::. First Order System .. f 0= 1/S 
Second Order .....JJ ........... 0= 1/S2 ~ -.---.-::.~ ..... -... -
System 
Table 2.2. Four examples of pure error components WIth associated transfer functions 
and bode plots 
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This section has examined fonnal mathematical representations of input and response for 
a tracking task. A variety of inputs may be adopted, each displaying its own 
characteristics and thus provoking slightly different responses in the operator. The 
representation of the operator's response hinges on the definition of the human as a 
separable combination oflinear and non-linear components. Later sections in tlus chapter 
point at some of the complexities of the human operator. These may wen impact on the 
reliabIlity of some of the techniques described here. However, with tIus in mind, it would 
seem logical to progress to an assessment of human perfonnance. 
2.3.2. Methods of Scoring 
It has been shown that the input and the operator's response can be represented 
mathematicany in the time and frequency domains. Human perfonnance research has 
suggested a variety of methods for scoring the perfonnance of an operator in a tracking 
. . 
task Poulton (1974) provides a detailed discussion of the empirical analysIs of human 
perfonnance III tracking tasks, citing numerous techniques such as tirne-on-target (TOT), 
Root Mean Squared (RMS) error analYSIS and various frequency measures. These have 
been augmented by the work of others such as Keny (1969), Elkind (1956), McRuer and 
Jex (1967), Pew (1966), Fitts (1967), Wickens (1986), Hancock (1996) and Jagacinski 
and Halt (1988). 
Recently research into novel control interfaces for VR systems has spawned a resurgence 
III human perfonnance measurement III this way (Zhai, 1996; Zhai and Milgram, 1998; 
Ware, 1990, Hinckley, Tullio, Pausch, Proffitt, Kassen, 1997). ThIs section wt1l review 
the variety of scoring methods and comment on theIr applicability for scoring Vlrtltal 
reality control interfaces. 
The ensuing diSCUSSIon win be primanly focused on sum-of sines inputs. Research has 
tended to favour tIus method of input over ramp or step tracks, largely due to the variety 
of analyses which may be perfonned on the resultant data (poulton, 1974) However, 
where appropriate, alternative input teclutiques win be described. 
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The folloWIng list of sconng techniques is by no means exhaustive. It will highlight the 
more popular techniques, but for a more extensive discussion of sconng see Poulton 
(1974) or Kelly (1969). The following techniques are presented III no particular order. 
The associated discussion will give a flavour of the type of methods in use. 
Overshoot and Undershoot 
With a sinUSOidally varying input it IS likely that the operator will overshoot or 
undershoot at the peaks, as these points represent the most severe changes III direction. 
The extent to which the operator has overshot or undershot the peak may be detenmned. 
A summation of the magnitude of the errors at each reversal will give an error value for 
the track. 
The overshoots and undershoots may be added separately to give an Impression of 
whether the tendency IS to overshoot or undershoot. This method is typically time 
consuming and quite cumbersome (poulton, 1974). With the added compleXlnes of 
virtual reality interfaces (i.e. multiaxis, multi function) the workload associated with this 
technique is compounded. 
Time on Target 
Time on Target (TOT) was extremely popular with much of the early post-war research 
into human performance, particularly the 'Ohio School' (Bahrick, Fitts, and Briggs, 1957; 
Fitts et. aI., 1956) It is easy to instrument III a lab Situation and is intuitively mapped 
onto real-world tasks (such as target aiming) 
TOT is a measure of the total amount of time the operator spends tracking an input 
'successfully' throughout the duration of a trial (i.e. the amount of time the response is 
within a pre-determined error threshold). 
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Despite it's earlier populanty TOT scores were much criticised by later researchers 
(pnncipally Kelly, 1969 and Poulton, 1974). The main thrust of the criticism is that the 
TOT data will not be distributed in a Gausslan manner (they are not Interval measures of 
dispersion). This makes TOT scores inappropriate for parametric statistical analysis and 
therefore difficult to generalIse Additionally TOT scores do not illustrate any measure of 
the amount of deviation when not tracking on target, suggestIng that even when analysing 
in a limited manner the amount of insight gleaned from these scores is minimal. 
Error Amplrtude Measures 
Various researchers (pouIton, 1974, Wlckens, 1986, Kelly, 1969; Zhai, 1994) have 
observed that some measure of the mean difference between the input and operator's 
response is an effective measure of task perfonnance. As Kelly (1969) observes, there 
are two specific properties of mean error scores which make them attractive in the study 
of human perfonnance; 
• They are distnbuted continuously In time 
• They refer to the dispersion of the distributions they describe rather than to the central 
tendency. 
These properties are independent The error amplItude IS Guassian in fonn (Bahrick, 
1957). Absolute mean error does not consider changes in direction, so large positive 
errors can be cancelled out by large negative errors. 
A solution is provided by Root Mean Squared (RMS) error analysis. The error is 
measured and squared at each time step. All the intennediate squared error values are 
summed, giVing an overall error value (the squared values ensure that overshoot and 
undershoot do not cancel out) The mean value is taken and square rooted to give a 
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comparable error figure. RMS error ensures all errors are of the same sign and therefore 
, 
positive and negative errors are treated the same. 
RMS error analysis gives an overall measure of the quahty of the track. It is therefore one 
of the more popular measures of tracking performance in current studies (Lill, 1992; 
Zhai, 1996) and is reasonably straightforward to Implement. 
Workload Measures 
When describing ideal control Wickens (1986) refers to workload measures. These 
, . 
measures illustrate the amount of effort the operator is applying to the tracking task. The 
measures are generally made subjectively (Hart and Straveland, 1986; Reid and Nygren, 
1988). A popular example of a workload measuring technique is the NASA Task Load 
Index (TLX) NASA TLX elicits 5 measures from the operator, mental demand, physical 
demand, temporal demand, effort, performance and frustration The subjects mark their 
responses on a Likert scale and then weight each component in terms of relative 
importance. 
Hancock (1996) utilises a number of different techniques including NASA TLX to 
measure tracking performance and mental workload. Results indicated non-linear effects 
where tracking error and subjective workload both increased non-proportIOnality With 
track error. Augmented knowledge of performance was shown to have very httle effect 
on performance or workload. 
Frequency analysis and remnant 
As was descnbed in the prevIOus chapter the response may be analysed in the frequency 
domam A frequency analysis usually requires a track of between 1 and 4 minutes, 
sampling at a frequency of around 10Hz (poulton, 1974). The frequencies are diVided 
into frequency bands by means of narrow bandpass filters (see Elkmd, 1956). Here the 
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successful component of the track is separated from the remnant due to the fact that the 
remnant wiIl tend to consist of higher frequencies than the track Itself. The remnant will 
tend to be smaIl when the operator foIlows the track successfuIly (Poulton, 1974). 
However, the remnant wiIl be significant when the operator implements non-linear 
control strategies (m other words, the response is erratic). This approach works well in 
gIving a good Idea of the strategies involved in formulating the response. However as 
stated above, it may be difficult to generalise certain aspects of the operator's response in 
the frequency domain. 
With the complexities of the mappings in the virtual enviromnent interfaces, this may 
weIl prove to be a valuable source of informatIOn regardmg the operator's performance 
Co-ordmatlOn 
Much of the research into control has concentrated on one dimensional envlromnents. 
Although some of these techniques wiIl cross over to multi-dimensional, there are one or 
two techniques wIDch rely on there being more than one dimension m the co-ordinate 
space 
Zhai and Senders (1997) describe a method for quantifying the user's ability to co-
ordinate controIled movements in a multi-dimensIOnal trackmg task. They descnbe a 
variety of co-ordination measures, including simultaneIty (the percentage of total track 
time that multiple degrees of freedom are co-activated) and STOT (simultaneous time on 
target) 
Zhai and Senders described a measure of STOT in a 6DOF random tracking task.. The 
TOT in any dimension was calculated as the total sum of the time periods in which the 
distance between the target and the cursor in that dimension was smaller than a given 
threshold, divided by the total trial time. Three other parameters were also calculated A 
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measure of the probabIlity that purely by chance all 6 degrees of freedom were on target 
at the same time (TOTh) 
TOTh = TOTx TOTy TOTz TOTrx TOTI)' TOTrz 
The smallest of each of the dimensions (TOTmIn) 
TOTmIn = min (TOTx, TOTy, TOTz, TOTrx, TOTI)', TOTrz) 
A Coefficient ( C ) was calculated to define the quality of the coordInation such that for 
O<C<I, TOTh<STOT<TOTmIn. When C=1 then the coordInatIOn IS perfect, whereas 
when C=O the coordInatIon is no better than chance. When C<O it was said to be 
discoordinated. 
C = (STOT - TOTh) I (TOTmin - TOTh) 
The STOT is "". the actual percentage of time-on-target simultaneously in all 6DOF'. 
They found that in tests the quality of coordmation did not tend to vary WIth practise. 
However subjects were show to coordInate all6DOF to a level which was better than 
chance 
EffiCiency 
Zhai and Milgram (1998) descnbe a method for descnbittg the effiCIency with whIch a 
6DOF matching task IS completed. Efficiency IS a combmed measure which illustrates 
how well the subject controlled each axis In the attempt to match the cursor with the 
target objects Zhai and Mdgram illustrate a measure of the amount of "work wasted" as 
follows. 
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Length of actual path Length of shortest path 
Length of shortest path 
This is illustrated in the diagram below. When moving from A to B the shortest (most 
efficient) path is the vector AB As Zhai and Milgram describe the recognisably human 
attempt ('I') IS more efficient than the vector AD-DB which In turn IS more efficient than 
AC-CB. 
A C 
Figure 2.4 CoordmatlOn with 2 degrees of freedom (Zhai and Migram, 1998). 
They go on to show that efficiency is subject to a learning effect and that it was in Itself 
sensitive enough to show performance differences in traditIOnal VR peripheral testing. 
RMSError 
A simple method of analysis may be described by each axis and a weighting. The score 
itself is merely the sum of the individual scores across axes. At times, especially With 
equivalent axes the sum IS divided by the number of axes to give the mean error in each 
axis 
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A vector summation (Kelly, 1969; Zhal, MIlgram and Rastogi, 1997) is calculated by 
assumIng that n axes of the task are considered to define an n-dimensional space, WIth 
zero error in all axes forrmng the origin. Dimensions are scaled so as to give error in each 
dimension an appropriate weight if errors in dIfferent axes are not equivalent. The 
trackIng error at any point in tIme is represented by a pOInt In the (scaled) n-dimensional 
space, and the dIstance of this point from the ongin is the vector error in the n-axes. This 
instantaneous vector error may be treated like a single-axis error, employing the 
equations for RMS error, mean absolute error, or TOT scores. Sine errors must be 
squared to get the vector error. 
This section has reviewed a variety of techniques for scoring operator perfonnance in a 
tracking task Although it is difficult to compare techniques in tenns of sensitivity and 
efficiency, certain issues seem pertInent when considering a performance measure. 
• The measure must be generaIisable across a populatIon of operators. TOT suffers In 
this respect as it is not an interval measure of dispersion. 
• The measure must lend itself to parametric statistics in detennInIng SIgnificance. 
• As Zhai and MiIgram (1998) point out, a measure must agree with a common sense 
judgement rather than be merely arbitrary. 
• The measure must be defined by the requirements of the environment. Research has 
shown that some measures may actually disagree across conditions. 
RMS error analYSIS has tended to be the measure most researchers Into virtual reality 
have favoured However, as this sectIOn has shown, RMS errors are by no means the 
whole picture in perfonnance analysis. This thesIs WIll examine a range of measures from 
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this section to provide a more detaIled description of the human operator's behaviour with 
a variety of control deVices 
2.3.3. Experimental Design Issues 
In designing experiments to examine the human operator's behaViour with a particular 
mterface the researcher must address a number of Issues pertaining to the nature of 
human control and the diversity of human spatial and motor abihty. 
/ 
Poulton (1974) provides a comprehenSive insight into the design ofexpenments to elicit 
mformation about human motor performance WIth control devices. However, his 
obsession with fundamental empirical work and neglect of the feed forward to design 
issues has led to criticism of his approach (pew, 1976) 
Poulton repeatedly warns agatnst usmg WIthm subjects deSigns (poulton and Freeman, 
1966; Poulton, 1969; Poultonl974, Poulton, 1975). BehaVlourpattems learned m one 
mode of control may pollute behaviour in others This is known as asymmetnc transfer of 
skills. Poulton carefully Illustrates a variety of unwanted range and asymmetric transfer 
effects m balanced WIthin subjects designs due to learned behaviour with a particular 
characteristic of a device or display (Poulton, 1974). He asserts that some characteristics 
of behaviour may remain with the operator up to a period of years after he/she IS trained 
with a particular interface Clearly a solution would be in emphasising between subjects 
deSigns. However, as Poulton points out, large inchvidual differences can prove 
problematic when calculating expenmental power. This will tend to necessitate large 
numbers of subjects per condition. Unfortunately, researchers into motor control have a 
tendency to use very small sample sizes with between subject designs (pitrella and 
Kruger, 1983; Poulton, 1974). 
Pitrella and Kruger (1983), suggest matching tests to establish motor and spatial abilities 
when assigning subjects to experimental groups. Ideally, this will enable the researcher to 
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use smaller groups sizes (>7) WIth between subject designs while avoiding unwanted 
population biases. However, the task employed by Pitrella and Kruger is a fairly standard 
tracking task Depending on the nature of the tracking task employed there may be 
effects, such as fatigue, which carry forward into the main study. Care must be taken in: 
selectmg an appropnate traimng task. 
By far the most popular solution would seem to be to employ a random sample in each 
condition of a between subjects design, and to attempt to avoid bias by using reasonable 
group sizes (> I 0). 
A further source of interaction is gender. Males and females tend to have different spatial 
and motor capabilities Much of the work into human perfonnance and control systems 
was carried out between the end of the second world war and the late 1970's, servicing 
military applicatiOns. This tended to be a male dominated environment and thus it is 
uncommon to find experiments with female SUbjects. However, recent work has included 
a proportion offemales and differences in perfonnance have been identified (Chen, 
Mountford, & Sellen, 1988; Mine, 1995; Houde, 1992). The nature of these differences 
has not been studied in any detail in the context of virtual reality control, however it is a 
factor which must be anticipated in any control studies 
Another Issue is the design of the training period. Lincoln and Smith (1950) descnbe 
transfer of training in tracking perfonnance at different target speeds. Simply they 
consider subjects who train with tracks operating at one speed who then go on to perfonn 
tasks WIth targets operatmg at a different speed Ironically they use time on target as 
their pnncipal measure 
They suggest that a consistent drop in accuracy scores appeared to be associated with an 
increase in target speed. They found that there seemed to be a situation where practlce at 
a given target speed produced no significant superiority of one group over the others at 
all target speeds. Although they do allude to the fact that traimng is significant. 
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Bahrick, Fitts and Briggs (1957) examine learning curves. Kelly (1969) criticises this 
work as all the experiments are based on TOT scores (see previous section). However he 
agrees that the main findings of the study are tenable. 
Bahrick, Fitts and Briggs postulate that the arbitrary choice of a cut-off pomt in the 
dichotOIrusing of contmuous response distrIbutIons can nnpose sigruficant constraints 
upon th~ shape of the resulting learning curves, and that these can form the basis of 
misleading theoretical interpretations. They found that the sensitivity of a time on target 
score IS maximal when the zone is ofa size which includes +/- 1 SD of the error 
distributIon, so that the operator is on target about 68% of the time. 
Hancock (1996) investigates training times against performance and finds that repeated 
trIals over a period of weeks can prove Significant However, in support ofPoulton 
, 
(1974), Hancock finds that retention of skills was noticeable after a month without any 
practice Clearly the length ofthe training period IS cntlcal in establishing skills ThIs is 
likely to !:le dependent on the complexity of the control interface. Here the pilot study 
would seem to be cntical. 
, , 
2.4. Summary 
This section has reviewed a number of experimental issue~ with respect to human 
performance. The main contrIbutIng factor in an experimental design for a control 
experiment is asymrttetric trarlsfer of skills between conditions. This would seem to 
, impose a between subjects design decision on the experimenter. Care must be taken in 
assigning subjects to experimental groups. A major source ofvanance IS in the operator's 
spatial and motor abilities. This is likely to vary across a population and will vary 
significantly across gender. The training period is crucial in developing consistent 
performance and control strategies Performance which may seem to have reached an 
asymptote after a single run of trials, may improve again on a similar run after a rest 
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period. Motor skIlls are retained for some considerable time after the initial training 
period 
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Chapter 3: A Review of Motor Control 
Studies 
3.1. Introduction 
HaVIng examined the fonnal representations of human control, and some of the 
associated measures of perfonnance, it is now appropriate to reVIew the research which 
has applied these techniques in descnbing human operator behaviour. The following 
chapter builds a picture of human behaviour in motor tasks. 
3.2. Describing the operator 
Research suggests that operators adopt specific strategies for tracking a target, depending 
on the nature of the input, the training period and the control interface being utilised. It is 
the latter component which is of direct interest to tlus thesis. However, in understanding 
the impact of the interface the fonner components must be addressed and understood. 
Section 2.3 illustrates a model of the human operator as either an open loop or closed 
loop system (see figure 2.1). In fact, the human operator is a much more complex system. 
An alternative model is offered by McRuer (1980). He illustrates the human operator in 
tenns of pathways (see figure 3.1). HIS model is partitioned into several components At 
the boundary to the interface is the human's neuromuscular actuatIOn system, which is 
essentially the human's output mechanism. As McRuer suggests, this in itself IS a 
complicated feedback control system It is capable of operating as a combination of open 
and closed loop systems 
From the Neuromuscular actuatlon system feedback to the operator is passed back 
through the proprioceptive feedback loop to the perceptual system Depending on which 
of the three pathways IS effectively present, the control structure of the man-machine 
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system can appear to be open-loop, or a combination of open and closed loop, or totally 
closed loop_ 
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Figure 3.1. Major hwnan operator pathways in a man-machine system (McRuer, 1980) 
Hess (1978) provides a dual loop model of the hwnan operator which formally Illustrates 
McRuer's theoretical model. He presents two loops; the inner loop being the internal 
feedback loop descnbed by McRuer, and the outer loop being the system feedback loop 
involving the display of the input and response. He hypothesises that the "relative 
utilisatIOn of the different feedback loops IS a jimctlOn of operator controlled element 
dynamICS and the qualtty of the sensory mputs." As Wickens (1986) points out, the outer 
loop carulot be controlled without controlling the inner loop. However, the converse is 
clearly not the case. 
There is a body of research wIuch attempts to descrioe the control structure in detail, 
providIng insight into the dIchotomy of control strategies. Jagacinski (1977) examines 
switches in control strategy. His method of analysis involves removing the appropriate 
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I 
J 
perceptual feedback loops and examining the changes in behaviour. He calls tlus method 
'opening the loop', alluding to a progression from a closed-loop to open-loop system. He 
observes that brief movements by the operator are open-loop with respect to visual 
feedback, whereas longer movements will be closed loop. He also summarises evidence 
which supports the notIon that open-loop behaviour is likely to be unstable (Rouse and 
Gopher, 1977). 
Binningham and Taylor (1961) conclude that the relationship between the transfer 
functIOn and the operator response is constant This implies that the force-visual feedback 
relationship is the sole determinant of tracking perfonnance. Nottennan and Page (1962) 
refute tlus statement, by examining tracking systems with equivalent transfer functions, 
but dIfTenng local feedback (elasticity, VISCOUS dampmg, and inertia). The differences in 
operator perfonnance showed the Binningham and Taylor proposition to be untenable. 
It is clear then that McRuer's proprioceptive feedback loop must play a part in the 
selection of control strategies. Nottennan and Tufano (1980) examine inflow and outflow 
models The inflow model emphasises the sensing of proprioceptive feedback (a closed 
loop system). The outflow model mvolves motor programs, or pre-programmed 
sequences of responses that do not require peripheral feedback for their execution (an 
open-loop system). Through a series of experiments they compare different control 
devices with predictable and unpredictable tracks. They do not find overwhelming 
support for one model over the other, rather they indicate that chfferent models appear to 
be einployed for different task/interface sItuations. Their conclusion would seem to 
support the model presented by McRuer; 
, subjects profit from whatever exteroceptIVe and proprioceptIve cues are avazlable and 
efficacIOUS, and they orgamse theIr behavIOur accordmgly. ' 
(Nottennan and Tufano, 1980). 
-43-
The dIfIicullles in explaming the effect of control feel are discussed by Burrows (1965). 
Burrows examines the charactenstics of the feedback element of the control loop. He 
places unportance on the anthropomorphic characteristics, in tenns of the shape of the 
control device with respect to the gripping shape of the controller's hand. Additionally 
he specifies the freedom of movement inherent in the operator's limbs and the 
characteristics of the input deVIces such as its mertia. He concludes that there are few 
useable objective measures available for the examination of control feel. 
The diSCUSSIOn thus far would seem to mdicate that feedback control theory may explain 
the operator's perfonnance completely. However, as Jagacinski (1977) suggests, control 
behaviour cannot be represented as a single state process which relates input to output by 
a describing function. Rather, the human operator must include strategic elements which 
proVIde higher level instruction for the basic motor processes. 
Evidence for this point of view may be ascribed to the episodic behaviour observed by 
Jagacinski, Plamondon and Miller (1987) in human operators' tracking. They examined 
human subjects trymg to manually capture a moving target that uses a computer-
generated escape strategy. The operators displayed different strategies dependmg on the 
current status of the task. Briefly, if the subject was tracking accurately then he would 
assume a close followmg mode, where he would attend to both Iow and high frequency 
components of the track. If for some reason the operator found he was no longer tracking 
accurately he would adopt a fast acqUIsItIOn mode where he would attempt to minimise 
the error as qwcklyas possible by making gross changes in position. 
Jagacmski, Plamondon and Miller (1987) developed a two level model to simulate 
episodic behaviour The bottom level is basically a describmg function, of the sort 
developed by McRuer and Jex (1967). A higher level of start-stop rules detennine when a 
particular motion-generating process is activated and when it is interrupted or completed. 
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The episodic model provides a very persuasive description of the human operator's motor 
behaviour. However, research suggests that the successive combmation of these functIOns 
is adapted with practice (Krendel and McRuer, 1968; Jagacinski and Hah, 1988, Fuchs, 
1962; Pew, 1966; Kohl and Shea, 1992) Thus, a deeper understanding of the human 
operator may be gleaned from examining the development of these strategies over time. 
Alfred Fuchs (1962) describes the progression hypothesis. Early on in the learning 
process responses to displayed system error are based on the velocity aspects of that 
signal. Later in the training schedule the more subtle error acceleration aspects Will 
determine the control responses He suggests that in perceptual-motor skill development 
the operator learns to respond to higher derivatives of the error signal's amplitude and to 
weight these selectively. 
Furthermore in a simple positional control system error amplitude is weighted more 
heavIly than error velocity, but in more complex systems error velocity is weighted more 
heavily than error amplitude. This implies that the initial level of control exercised by the 
human is the minimum necessary level to achieve system stability and that this level is 
determined by the complexity of the system 
Fuchs follows the progression hypothesis With the regression hypothesis, which predicts 
that iffollowing skill development, the operator experiences task-induced stress, weight 
assigned to the higher derivatives of displayed error will decrease and weight assigned to 
error amplitude Will increase 
Garvey (1960) identified progressIOn and regression effects in the behaviour of operators 
performing a compensatory tracking task With practice operators responded more 
appropnately to the higher derivatives of the input. However with the addition of task 
induced stress (in thIs case, a secondary task) then these trends were reversed. 
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Research into the regression effect tends to be less persuasive than the progressIOn effect 
(Jagaclnskl and Hah, 1988). Poulton (1974) hypothesises that such effects in tracking 
tasks occur only with visual sampling. In the cases of both Fuchs and Garvey the 
secondary task involved visual scanning away from the primary task. 
However, Fuchs's findings are corroborated by Pew (1966) who observes a decrease in 
the reliance on sensory information (I.e., closed loop) and an increase in the reliance of 
automlsed mechanisms (Le., open loop) over training In his hierarchical model of control 
he postulates that when operators progress to open-loop control they maintain 
performance by carrying out executIVe momtormg to adapt their strategies He POSits that 
as subjects become more famliiar With the task and the interface, attentional resources 
which are tied to the interface are freed to make other decisions The function breaks 
down when a secondary task is introduced and control is returned to a closed-loop 
system. 
An interesting study by Kohl and Shea (1992) reviSits Pew's work on hierarchical 
control. The focus of their work is in studying the relative importance of actual and 
observational practice In a manual tracking task. The data from their experiment suggests 
that subjects may choose appropriate response/control schemes (i e. open-loop and 
hierarchical control) without actual practice experiences. However, they did find that as 
the demands of the task were increased, there was a tendency for the absolute differences 
in error between the actual and observation practice groups to increase. This may 
indicate that although visual pathways alone Will enable the operator to develop the 
appropriate control schemes, It is the combination of visual and proprioceptive feedback 
which adds strength to the schemes and enables the operator to adapt to changes in the 
task demand. 
Clearly then perceptual processes are fundamentally important when addressing skill 
development. Krendel and McRuer (1960) define progressive behavIOurs in terms of how 
the operator perceives the stlmulus. They describe three types of display conditIOns; 
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• Pursmt 
• Compensatory 
• Precognitive 
The precogmtlve condItIOn only exists when the operator is predicting the input. For 
example, If the operator IS traclang a sine wave, over a period 'of time he will observe the 
pattern of peaks and troughs and make appropriate predIctions about the movement The 
behaViour of the operator is then made up of pre-sequenced actions formnlated In the 
previous stages. Precognitive behaviour is essential for open-loop control 
In setting up these learned responses, they hypothesise that the human goes through the 
following stages' 
I. When the Input IS first encountered, all control IS dependent on the external senses 
and the display IS effectively compensatory. 
2. At some later perIOd, an effectively pursUit situatIOn evolves as the human becomes 
capable of makmg short time Interval predictIOns about hiS display. 
3. Finally, In the precognitIVe mode, the approprzate response IS completely learned, 
becoming synchronous (With a perfoctly predIcted Input Signal) or skilled 
From Krendel and McRuer (1960) 
They postulate that in terms of higher order functions, the human operator's role in a 
tracking task is most significantly that of a data-organising device. 
Jagacinski and Hah (1988) review the studIes into progression-regression effects and 
suggest that appropnate descnbing functions should be inIplemented in the study of such 
-47-
effects They fonnalise the three stages of the SOP model as follows; error nulling mode, 
Input reconstruction mode and, as in Krendel and McRuer's study, the precogrutive mode. 
Jagacinski and Hah fonnulate a SOP progression-regression hypothesis with respect to 
which signal sources are used and what are the associated control strategies. They 
develop describing functions for each of the constituent stages In an attempt to model 
behaviour in each mode. 
They found that early in the practice phases It was difficult to ascribe error nulling or 
input reconstruction modes to the operator's behaviour as one would expect from the SOP 
progressIOn hypothesis. However, late In the practice phase the input reconstruction mode 
did seem to dominate They suggest that error nulling and input reconstruction can occur 
simultaneously, however they assume that in the experiment, one would dominate. As a 
result, they used the function which provided the best fit. The results did not refute or 
strongly support the SOP progressIOn-regressIOn theory with respect to the error nulling 
and input reconstruction modes. However, they suggest that the exanIination of the 
precognitive mode (which acts only for very short periods) may provide a more 
convincing explanation of behaviour. Unfortunately, as has become IncreasIngly apparent 
in this section, modelling open-loop characteristics of an operator's behaviour is an 
extremely complex process. 
Interestingly, Jagacinski and Hah used an auditory memory task as a secondary task 
element and found regression effects in the higher derivatives in their results. This would 
suggest a cognitive basis for the regressIOn effect. 
This section has described human behaviour in single axiS tracking The human operator 
is an adaptive, strategic system. The describing functions at the heart of most models of 
the human operator are not sufficient to fully describe the operator, but they can give an 
indication of the characteristics ofbehaviouf. Also one carmot make precise assumptions 
about the operator Without understanding the effect of control feel. However, this is an 
extremely difficult element to examine. 
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Behaviour will change WIth practice (the progression of behaviour is both perceptual and 
cognitIve), but improvements in tracking perfonnance can be reversed with the addItion 
of secondaIy tasks. 
This sectIon indicates that the nature of a secondaIy task IS an issue in operator 
behavIOur. The follOWIng section describes multi-axis tracking. Some interesting Issues 
with respect to the nature of the secondaIy task are addressed here. 
3.3. Multi-Axis Control 
There is a great deal of research which has concentrated on tracking in a single axis In 
virtual environments the operator will tend to be faced with tasks involving multiple axes. 
This section will review some of the issues inherent in extending the operator's task 
domain from single to multiple axes. 
In extending the focus of investigation to multi-3XIs tasks we must consider a number of 
inherent characteristics of multi-axis Interfaces which are not present in single axis tasks. 
As Wickens (1986) points out the derivatIve tenns of the inner loop control are explIcitly 
displayed ( such as the different controls used for steenng and acceleratIOn in a car), or 
impliCIt and must be derived by differentiating the output. 
Wickens POInts to cross-coupled tasks. Here the effects of control in one 3XIS will exert 
an Influence In a second axis. Wickens (1986) gives the example of the roll and pItch 
axes of an aircraft. Both axes tend to be controlled by separate controls, yet rolling the 
aircraft in either dIrection will induce a downward pitch This effect is known as cross-
talk. 
Different control dynamics may applied in dIfferent axes. Chennkoff, Duey and Taylor 
(1960) observe that as the dissimilarity between control dynamics in different axes 
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becomes greater so the performance is degraded. They posit that control in two axes is a 
two task problem. Furthermore, they interpret their results as suggesting that the human 
operator has limited information handling capacity and that this may be taken up With 
switching between control tasks. 
Fracker and Wickens (1989) describe three mechanisms which may contnbute to this 
effect. ~amely; 
• Resource competItIOn - Both tasks compete for a lunited pool of resources 
(Cherrukoff, Duey and Taylor, 1960) 
• Confusions - Elements of the control cause confusions between the two tasks 
• CompatIbility of proximity - Similarity between the tasks at one processing stage is 
incompatIble with their similarity at another stage. 
The authors found that, in a tracking task, the operator will tend to control both axes 
simultaneously unless the control dynamics in each axiS were different, in which case the 
operator would tend to stop controlhng one axis to concentrate on the more demanding 
axiS. 
They observed that confusIOns were greater when controls or displays were integrated 
rather than separated. But, tracking error increased with separated, not integrated displays 
and was unaffected by control mtegration. 
Resource demand seemed to account for most of the tracking errors observed. They also 
found evidence to support the rlotion that subjects sometunes responded to the velocity 
axis as if it had acceleration dynamics. Which IS consistent with the compatibIlity 
theories. Thus, they conclude that resource, confusion and compatibility theories all 
contribute something different to an overall explanation of dual-axis control theory. 
-50-
A key issue in designing for control in multiple axes IS taking into account the operator's 
VIsual scamring of the display (Fracker and Wickens, 1989, Baty, 1971; Wickens and 
Gopher, 1977) If control in multiple axes reqwres that the operator attend to different 
areas of the display then performance will be impaired Depending on the nature of the 
control dynamics in each axis (i.e. whether they are dIfferent or the same) this effect may 
be accentuated (Baty, 1971) 
Zhai, Milgram and Rastogi (1997) suggest that in the early stages of learning, when 
sufficient skIlls to manage all the axes may not yet have been acquired the operator will 
tend to concentrate on one axIS and ignore another. Thus there would appear to be a 
progressIon effect in the case of multIple axes as well as single axes 
This section has considered multi-axis tracking tasks. This is extremely important when 
considering the VlrtI!a1 realIty task domain, as most tasks here will be multi-axis in nature. 
The section has Identified a number of different Issues In multi-axIS control which are not 
present in single axis tracking and some aspects of human behaviour have been 
addressed. 
3.4. Bimanual Control 
Where desktop interfaces such as the mouse tend to offer only limited options for control, 
and single-handed 6DOF integrated control can suffer from interference between control 
elements, bImanual control may proffer a solution. Bimanual control enables the deSIgner 
to functionally distnbute aspects of control across the operator's two hands. If presented 
in the correct manner, It is hypOthesised that a high degree of integration may still be 
achieved, while cross-coupling effects may be minimised. This section reviews the 
literature on bimanual control From this diSCUSSIOn a selection of current interfaces are 
examined 
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Co-ordInated Movement: General Motor Programs and the KInematIC Cham 
Kelso, Southard and Goodman (1979) observed that co-ordmatlOn in two-handed 
movement does not lend itself readily to measurement. Their experiments involved 
subjects moving their hands to objects at varying distances from, and orientations to, the 
body. They found that, when both hands were used simultaneously, It was the tlme taken 
to point to the hardest target that dictated the performance of the two hands. They 
concluded that movements are centrally programmed. 
They observed that the task of central sigrmls is not to prescnbe the details of the 
intended movement but rather to organise functional groupings of muscles III a relatively 
autonomous fashion They conclude that when the subject is faced With a complex task 
which necessitates the coordinated use of both hands the motor system locks the 
movement of the hands to a central program which temporanly organises them to act as a 
single unit 
Heuer (1991) examined Kelso's work and, in reinterpreting their results on the basis of 
the experimental design, suggested that rather than forcmg the limbs to work in unison, it 
is more realistic to state that subjects would prefer to make simultaneous aiming 
movements. The task then becomes much simpler. TIns would seem to indicate a 
cognitlve preference ID bimanual movement. 
Schmidt (1975) describes the existence of generalised motor progranIs (GMPs). A GMP 
IS an abstracted representation that establishes open loop control for the patterning of 
movements for small packets of time (anything in the order of hundreds ofmiIhseconds 
to a few seconds). GMPs may be invoked to co-ordinate movements between hands 
(Heuer, Schmidt, GhodsIan, 1995). 
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Humans tend to exhibit dommance m a preferred hand. This phenomena has been studied 
by Guiard (1987) who observes that different roles are attnbuted to the dominant and 
non-dommant hands. He refers to this as lateral asymmetry. He suggests that in a task 
compnsing two different roles, A and B, there are two poSSible ways to assign role A and 
role B to the left and the nght hands - he refers to this as lateral preference. These 
definitions form the basehne for Guiard's kinematic chain theory, which describes relates 
movement across both hands. Hinkley (1997) observes that lateral preference IS related to 
the difficulty of the task. 
Schmidt's GMPs shed more hght on the complex relationship which exists between the 
dominant and non-dominant hands. Indeed these programs can be 'broken' by the 
operator. It is poSSible for the motor system to explicitly define separate programs for 
each hand rather than deferring to the natural GMP. However, there is a cognitive load 
associated With this activity Heuer (1991) describes the limits of the human's capacity 
for separate control programs as 'soft limits'. That is, training and practice may enable the 
human to achieve more complex separated programs over time, as in someone learning to 
play the piano. 
If the co-ordination of the two hands is not related to a GMP then patterns of hand-hand 
mterference occur (Konzem, 1987) Much of the hterature points to incompatlbihties 
between the temporal structures reqUIred by the two hands (Klapp, 1979). Couphng 
appears to be temporal rather than spatial (Heuer, Schmidt, Ghodsian, 1995). With 
bimanual control it is often poSSible to make independent movements separately at low 
frequencies. However, as the frequencies of the required movements are increased the 
independence becomes more difficult to maintain 
There are a number of mtermanual variances that may be identified as sources of 
confusion. Heuer (1991) summarises them as follows· 
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VariatIOn m response reqUirements. Response related processes are cntIcal for 
interference with tracking tasks The similarity of the response-related processes in 
the two tasks has an effect on the amount of interference. There is a tendency to avoid 
strictly simultaneous responses, because they tend to be extremely hard. Response-
related processes have particularly large capacity demands and the effects of response 
Similarity on the amount of interference can be attributed to different response 
modalities demanding different types of capacities or resources. 
- Interactions between Simultaneous movements. Heuer summanses two tendencies, 
'the magnetic effect' which draws two disparate processes into a smgle symmetrical 
process and 'mamtenance tendency' which describes the user attempting to mamtam 
the difference between the two hands. The compromise results in 'relative co-
ordinatIOn', which refers to a state somewhere between independence and rigid 
couphng. The relative co-ordination phenomenon may be illustrated by the example 
of an operator engaged in a bimanual exercise where there is a temporal dissonance 
between movements. Although the operator may maintain this dissonance and avoid 
the magnetic effect, the faster process Will make some intrusions on the slower one 
(N.B., but not vice versa). 
Temporal couplmg. This appears to be the most pervasive phenomenon in 
simultaneous movements In general their timing will tend to become very similar. 
Almost identical movement times tend to make the task easier. When two different 
rhythms with dissimilar penods are combined, three kinds of outcome are observed 
Either different rhythms are produced independently of one another, or this is beyond 
human capabilities, or two different rhythms are produced simultaneously. Heuer is 
quick to play down the last observatIOn. If there is no harmonic relationship between 
the rhythms for each hand then performance deteriorates strongly. Practice seems to 
facilitate the production of more complex polyrhythms rather than enabling the 
independent production of different rhythms. 
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- Phase couplmg. There is a clear indication of preferred phase relationships In 
different kinds of tasks 
Sometimes Interdependencies can be exploited in tasks. Heuer defines the term 
'homologous couplmg. This IS best illustrated by the example of mlITor writing with the 
non-dominant hand wlule the dominant hand wntes normally. This tends to be less 
, ' 
difficult when undertaken as a dual-task than when smgularly performed. The GMPs are 
not by-passed by voluntary actiVity. Rather they are used as buildmg blocks, and as such 
they set the constraints for what the human can do. 
" In Guiard's kinematic chain model he descnbes the hands as abstract motors. A motor is 
defined as 'any natural or artificIal deVIce servmg the functIOn of creatmg motIOn, , 
(Guiard, 1987). Proprioceptive Information IS related in terms of a hnk to the Information 
Processing System (IPS). 
Guiard indicates that when two or more motors are assembled in series they form a 
kmematlc cham He POSitS that there is a strong functional analogy between the way In 
which any two contiguous motors of a kinematic chain co-operate with each other and the 
way in which the left and the right hands of man co-operate WIth each other. 
There are three high order principals that relate the two hands of a human operator. 
• Distal to proximal spatial reference This is the nght to left spatial reference. 
• Proximal distal contrast in the spatial temporal scale of motion The size and speed of 
movements and the relationship between the left and nght hands. 
• Proximal Precedence. A lower, more proximal rank corresponds to a lower level of 
spatio-temporal resolution 
From GU/ard (1987) 
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HinkIey (1997) expanded on Gward's work by proposing the bimanual frame of 
reference. He found that users maintain an accurate representation of their immediate 
physical interaction space relative to their body, which is independent of visual feedback. 
He observed that the connotations of thiS findmg signify that m bimanual tasks the user 
does not necessarily need to constantly morutor the manipulation. Urumanual control 
would appear to be more dependent on visual feedback and therefore the user's attentIOn 
IS drawn more directly to the manipulation. 
3.5. Chapter Summary 
This chapter has given a bnef overview of the human operator both m terms of describing 
behaviour and in measuring performance. A distinction between hwnan performance and 
behaviour was made and a discussion of operator behaviour was carried out. 
The human operator was found to be a complex, adaptive, strategic system. Although he 
cannot be represented exactly within the models and describing functions discussed in 
this chapter, such techniques do reliably illustrate charactenstIcs of his behaviour. 
Multi-axis control was eXll;l1lined and the supposition that multi-axis tracking entaIls 
multitasking on the part of the operator was found in various research. A number of 
attnbutes of the operator were examined with respect to thiS actiVity 
Control strategies with two hands were discussed and a complex relationship between 
dominant and non-dominant hands was descnbed, with the non-dominant hand forming a 
frame of reference for the dominant hand. A Significant temporal relationship was 
descnbed which was reported to have a significant cognitive loadmg effect. 
It IS the mtentIon of this thesis to apply much of what has been described here to the 
design and evaluation of control interfaces. Research into virtual reality control interfaces 
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has Iutherto been primanly focused on operator perfonnance. This thesis WIll exterld this 
domain WIth investigations into human behavIOur. 
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Chapter 4: A Preface to the Experiment 
Section 
4.1. Introduction 
Tlus chapter constitutes a bridge between the theoretical discussions in chapters 2 and 3 
and the experimental sections of the thesis. The theoretical foundations ofunimanual and 
bimanual motor control are focussed to a point where an experimental paradigm can be 
derived. The implementation of this paradigm is described In some detail at the end of the 
chapter. 
This chapter also introduces some of the design tecluuques associated with object 
manipulation in virtual enVironments. It is at this level that many experimental 
frameworks have been discussed in contemporary literature (Bowman, 1999; Mine, 1995; 
Zhai, Milgram and Rastogi, 1997; Poupyrev, Weghorst, Bilhnghurst and Ichlkawa, 
1997). This chapter will endeavour to proVide a link With the fundamental motor control 
research descnbed in chapters 2 and 3, and the practical solutions wluch appear 
throughout the remaInder of the theSIS. 
4.2. Examining Virtual Reality Interfaces 
A vanety of frameworks for the investlgatlOn of control in virtual environments have 
been proposed (Bowman, 1999; Mine, 1995; Zhai, Milgram and Rastogi, 1997; 
Poupyrev, Weghorst, Billinghurst and Ichlkawa, 1997). All have stressed the Importance 
of understanding the characteristics of the proposed task, and from this a breadth of 
design issues ensue Poupyrev, Weghorst" Billinghurst, & Iclukawa (1997) describe 
fundamental parameters for the study of control in virtual enVironments as' 
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User dependent: cogmlTve, perceptual-motor capabIlitIes, etc. 
Input/Output devIce dependent. 
InteractIOn techmques dependent: underlYIng metaphors of techmques, theIr desIgn 
and Implementation. 
ApplrcatlOn dependent. ConfiguratIOn of the VIrtual envIronment, IncludIng SIze, 
shape and locatIOn of the objects. 
Task context dependent: reqUIred preCISIOn, InItIal and final condItIOns of the task, 
task constraInts, etc. 
Poupyrev, Weghorst, BIllinghurst and Ichikawa (1997) 
The set of parameters descnbed above is certainly comprehensive. It reveals some of the 
complexities of the interface deSign process and illustrates the fact that it would be 
difficult to construe a single experimental paradigm which would address all the 
dependencies lIsted Certainly contemporary research reflects this. 
There are a broad range of tasks employed in the study of human computer interaction in 
virtual environments (many of which are Illustrated in the following chapters). In this 
thesis an attempt is made to provide a relatively complete picture of the purely manual 
component of actiVIty In a virtual environment. The thesIs yields a theoretical basis for 
the study of control in multi-dimenslOnal enVIronments, winch relates the practical 
element covered here, to the broader design and evaluation space alluded to by Popyrev 
et. al. While issues such as perceptIOn are discussed throughout the thesis, It is the 
cognitive and motor components which preoccupy the research 
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4.3. Bridging the Gap 
1 
Motor control tends to Involve a complex series of interrelating factors, Including 
experience, pre-formed strategies, coping mechanisms, perception, workload and various 
stresses It is the goal of this thesis to begin to draw together some of these Issues in the 
context of control Interfaces for virtual realty and so to develop a better understanding of 
the coupling of operator and controller. 
Although the factors affecting performance may be attributed to a variety of sources, the 
common denominator would appear to be cognitive load. It is the operator's ability to 
attend to the various components of the task which will ultimately decide performance. 
Furthermore, the ensuing workload attributed to attending to these various tasks will 
contnbute to the definition of strategies employed by the operator. In understanding the 
importance of cognitive processing on motor control and how this IS mediated by the 
interface we must first consider the nature of the processing undertaken in a manual 
control task Chapter 3 described the simple pathways which link stimulus and response 
in various motor tasks This section will briefly discuss cognitive proceSSing In the 
context of the higher level components of the task 
Jacob, Slbert, McFarlane & Mullen (1994) posit a link between the control struCIDre ofan 
input device and the percepruaI structure of the task They relate the link to task 
performance. The percepruaI strucrure of the task is integral if the components are 
perceprually linked (e.g., The x,y,z components of a poSitioning task). Here, an integrated 
controller (e g, a Polhemus tracker) would provide the optimum performance. However, 
if the perceprual structure of the task is not integrated (e g, x,y, cooridmates and 
grayscale) then performance With an integrated controller can be compromised. 
The strucrure of the control Interface with respect to the structure ofthe task IS clearly 
important. Researchers have shown that in tracking tasks different control dynamics in 
different axes can lead to a degradation in performance (Fracker & Wickens, 1989). 
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Indeed, attennon allocatIOn across the sub-components of manual trackIng tasks has 
proved to be a central Issue In maintaIning operator performance. (Wickens, 1976; 
Wickens & Gopher, 1977) Srudies into the associanon between attention allocation and 
motor control have begun to draw a pictJIre of what is happening when performance is 
degraded in tracking tasks. 
Pashler, (1994) descnbes how even simple tasks performed simultaneously can Interfere 
WIth one other. He reVIews three classes of interference. 
1. CapacIty sharmg. People share mental resources among tasks. If more than one 
task is performed at any gIven moment then there is less capacity for a gIven task. 
When one of the tasks becomes especially difficult they apportIOn more attention 
to It. 
2. Bottleneck (Fask-Swltchmg) Models Pashler argIIes that bottlenecks in 
processsing could account for the interference observed in dual task situations 
such as multi-axis motor tasks if each component of the tasks had to compete for 
intermittent access to the bottlenecks 
3. Cross-talk models WIckens ~d Gopher (1977) explain that interference might be 
cnncally dependent not on what sort of operatIon IS being carried out but on the 
content of the information actJ.Jally being processed. Navon and MIller (1987) 
suggested that dual task interference might be caused by what they termed 
outcome conflict In which one task produces outputs WhICh WIll be harmful to the 
processing of the other task 
As Pashler suggests these models are not mutually exclUSIVe. In terms of motor control, 
the interactIng factors which mayor may not cause interference are extremely complex. 
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Chernikoff, Duey and Taylor (1960) examined the similarity of control orders between 
the tune-shared axes in a muitiaxIs tracking task. They found that tracking performance 
in the two axes was dependent on the similarity of the control orders In the two axes This 
is congruent with other research in the area (Wickens and Gopher, 1977, Fraker and 
Wickens, 1989, ChermkoffandLemay, 1963, Baty, 1971) 
Threel primary effects may be associated With a degradation in performance in a muiti-
axIS tracking task. 
1. A decre~e in open loop gain 
2. A broadband increase in remnant 
3. Cross-coupling. 
Wlckens (1986) observes that cross-couphng between axes indicates that either control 
activity in one axis is preventing activity on another, or input intended for one axis 
manifests itself on another. 
The successive combination of motor tasks will have implications on performance 
through cognitive loading As this section has shoWl\, this can be mediated by the 
appropriate design of the interface. Providing a conducive perceptual structure will 
reduce the assOCiated cognitive loading of the task 
From the previous chapters we can see that In bimanual control there are spatial and 
temporal relationships as well as some of the higher order 'conceptual' associations 
descnbed by Gamer(1974). Also, it is helpful to look at how manual tasks are 
I Wickens (1986) relates four primary effects when trackmg In more than one 8XlS, although he concedes 
that the fourth component (effective tIme-delay) is less convincing It is suggested therefore that etd is not a 
reasonable measure in determining effects of multiaxis tracking 
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undertaken in the real world as these everyday examples will proVIde effective 
underlying metaphors for the design of usable interfaces Breaking these pre-formed 
strategies can result in a needlessly increased cognitive overhead. 
This section has mvestIgated the attentional components of motor control, and related 
them to the discussions m the previous chapter. Clearly the distnbution of tasks in a 
motor control interface IS cntical to performance. Performance degradation may be 
'" further explained by a combmation of measures (see chapter 2) which illustrate where 
attentIOn IS less than optimum m vanous control components This work may be in turn 
related to the higher order task in terms of the phrasing of control gestures. This approach 
will give a rich description of an operator's dialogue with a particular control interface. 
Where many of the techniques used in the analysis of human performance are appropriate 
for Simple mappmgs (see section 2.2) representing the more complex relationships 
associated with (for example) VR interfaces IS somewhat more difficult. Buxton (1986) 
~escribes a higher level app;oach to the analysis of interfaces. He describes a problem in 
terms of "chunks" or discrete elements of the task space. A "phfase" is the combination 
of sub-components of a particular (motor) task. Buxton argues that the phrase structure of 
a (complex) interface can reinforce the chunking of the operator's mental model. That is 
to say that if the low level motor tasks are combined in a predictable manner, then 
performance of the (novice) operator Will be improved. One method of examining 
performance, therefore might be to consider the phrasing of gestures ID an mteractive 
dialogue. 
4.~. An Experimental Framework 
This section Will describe the framework and measures utilised in this study. The 
previous section examined the attention effects associated with multi-axis control. If the 
, 
operator ouly has a limited attention resource then a multi-dimensional task will impose a 
proportionally greater dram on this resource than a unidimensional task With practice 
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however, the operator Improves their lffiderstandmg of the task and the interface, and as 
performance improves the llSer is able to apportion progressively less of his attentional 
resource to that particular task or component of that task. An example of this IS reported 
by Zhai, Milgram and Rastogi (1997) They reported a dimensional analYSIS of a 6DOF 
tracking task. As learrung progressed they noticed that performance in the 3 translatIOn 
dimensions was lffiequal. Subjects tended to perform best in the x-dimension (Zhai 
suggested that this was becallSe human bemgs are llSed to perceiving motion in the lateral 
plane) and worst in the z-plane (inevitably, this was a visual perception issue). However, 
performance in the y-plane started offvery poor in the first training session and 
progressively improved With respect to performance in the x-plane as time went on. Zhai 
concluded that when the subject was lffifatruliar with the interface and the task he would 
concentrate on movement in the x-plane, to the detriment of performance in the y-plane. 
Imt!a\ly, It would take the greater proportion of the operator's attentional resource to 
mamtam this performance However, as the experiment progressed the operator became 
more fatruliar with the mterface and was able to divert attention away from the tracking 
in the x-plane to improve the performance in the y-plane. 
This type of progression is clearly dependent on certam aspects of the mterface. As 
discussed in chapter 3 components of the interface must be compatible with each other 
and with the related components of the task itself (Wlckens, 1976, Wickens and Gopher, 
1981, Fracker and Wickens, 1989, Zhai, 1996). In 6DOF control elements of the interface 
will tend to interfere with other elements of the interface in demanding multidllhensional 
tasks (Massimino, Sheridan and Roseborough, 1989). Thus rotation around the x-axis 
may interfere with translation in the z plane. 
In order to !I111Strate the contributory factors to levels of performance m complex motor 
control tasks a number of studies are reported which analyse control in vanous tasks in 
the context of the disCllSSions thus far. 
-64-
The control structure IS key to the design of the control interface. The literature review 
thus far has revealed sometlnng of the complex relationships that eXIst between control 
components. With this in mind, it would seem pertinent to analyse control at various 
levels of control. Within this thesis control is split into the following components. 
1. RotatIon in 3 degrees of freedom 
2. Translation in 3 degrees of freedom 
3. Object Manipulation in 6 degrees of freedom. 
Rotation and translatIon are treated as singletons initially as the perceptual components of 
control are strongly bound. By exanJining control at the singleton level before combining 
the Interfaces allows some investIgatIon of the effects of one interface on the other. 
This sectIon WIll describe the tasks and measures employed in the study of control 
interfaces across this experimental paradigm The controllers themselves are denved in 
later chapters to allow for a revIew of relevant contemporary lIterature. 
Two distinct tasks are utIlised in the following stlJdies. This enables us to employ a 
variety of measures and to exanJine control under different task conditions. A matching 
task requires subjects to perfonn a particular manipulation to achieve a predefined goal 
state. Time to complete and accuracy are key to the successful completion of this task A 
tracking task requires the subject to follow a "randomly" mOVIng target for a pre-
specified period of time. A low error rate is key to the successful completion of this task. 
, 
The tasks, measures and enviromnents are descnbed in more detail below. 
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4.4.1. The Object Manipulation Experiments 
The following section describes the experimental methodology employed in this thesis. 
The section begins with a description of the rotation control studies. This section is 
designed to give an overview of the methodology. Specifics are discussed in the relevant 
sections of this docwnent. 
Most studies of rotation controllers have replicated the rotation matching task (Chen, 
Mountford, Sell en, 1988). 
Target Object 
Figure 4.1 The rotation matching task (Chen, Mountford, Sellen, 1988). The object in the 
target window represents the desired orientation. The object in the cursor window 
represents the object to be rotated. 
Chen split the display into three sections. The section on the left of the display contained 
the instructions for the subject. In the centre of the display a target object was di splayed 
(in this case, a crude model ofa house). On the right of the display the subject's cursor 
object (the same house model) was displayed inside a circle representing the vi rtual 
sphere. 
For the purpose of these studies, it was felt that this method may cause the subjects some 
difficulty in determining whether or not the objects were matched. The matching task 
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employed in this thesis involves an integrated display. The orientation of the outer 
computer controlled "target" object must be matched by the inner, "cursor" object (see 
figure 4.2). A mesh framework of semi-transparent tubes with highlighted vertices 
represents the target object. The vertices of the cursor are extended by coloured tubes 
into the vertices of the target. The subject perceives the objects to be matched when each 
of the rods of the cursor object intersects the appropriate receptors on the target object. 
This requires the subject to simply match up the corresponding vertices. 
Performance is recorded by the software for statistical analysis and performance feedback 
is given to the subject at the end of each trial. Angles of rotation are recorded as 
component vectors in each axis (see Zhai , 1994). The values retrieved do not represent 
the actual angular di splacement in each of these axes, rather they are the proportion of 
total angular displacement which can be attributed to this axis. 
All the measures found below are described in more deta il in chapter 2. 
Figure 4.2. (From the left). The user controlled "cursor" object. The computer controlled 
"target" object. The integrated experimental display. 
The measure employed in the matching task are 
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, 
I, Time tb complete -the time taken from the commencement of the trial to the user 
indicating they have achieved an acceptable match, 
2. Accuracy - the difference between the desired (target) rotation and the achieved 
rotation. 
3. Inefficiency (Zhai & MIIgram, 1998) - the difference between the optimum route and 
the actual route from the commencement of the trial to the user mdicating they have 
achieved the trial. 
The measures illustrate a rich picture of how the user attempted to complete the task, and 
how well they achieved their goal. 
The tracking task utilises the same envlfonmental components. The target object is 
rotated according to the following forcing functions. 
x = ~1=5sm(21t* fx[I] • t) / K 
Z = ~1=5sin(21t* fz[I] • t) / K 
r-/ 
where X, Y, Z are the discrete rotations around the X, Y and Z axes respectively, and f is 
an array contaimng the 5 constltuent frequencies t IS the current time in seconds and K is 
a constant The subject will track the target for a predetermined penod of time (per tnal) 
while their performance is monitored 
The following measurements are made m the rotation tracking task. 
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I 
RMS Error - a measure of the mean error across the entire trial A score is given for 
each degree of freedom, while a combined measure represents an overall performance 
score. 
Coordination - (Zhal & Senders, 1999). A measure of how well all 3 degrees of freedom 
were utilised in the traclang task. 
The measures illustrate how well the user responds to a dynamic Interactive task in the 
virtual environment with the chosen controller. The coordination measure gives an 
indicatIon of how well the operator IS USIng all the components of the interface to control 
the cursor, while the RMS error across degrees of freedom iIlusl[ates performance across 
the different degrees of freedom. 
The translation experiment Incorporates the same two tasks. However, because the 
translatIOn components (x,y,z) can be recovered as exact values a component analysis can 
be carried out in addition to the measures described above in the tracking experiment. 
The component analysis comprises the following measures 
Gain - The gaIn in the system at each of the component frequencies 
Power - gIves an indication of the actiVIty of the controller at vanous frequencies WIthIn 
and above the input spectrum. This measure gives a hint as to the amount of nOIse 
(remrlant) in the response. 
The measures descnbed above give an indicatIOn of how the operator apportions attention 
to the various components of control. 
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In the combined rotation and translation experiments all the measures are recorded and 
compared to previous scores, to illustrate where degradation In performance has occurred 
and where attention has been sWitched. 
4.4.2 Travel in Virtual Environments 
The f,inal section of the expenmental component of this thesis examines first person 
travel in a virtual environments. This to date, has not been examined In the same way as 
object manIpulation. Therefore researchers have been largely unable to employ the raft of 
measures available in the object manipulation studies. Chapter 9 of this thesis descnbes 
an algorithm which enables us to investigate the control of travel in virtual environments. 
The study utilises RMS error scores only. 
4.5. Cliapter Summary 
This chapter has provided a preface to the experiment section of the thesis. 
Contemporary research into interface design In virtual environments was married with a 
low level discussion of the contribution of attentional resources in motor control. From 
this an experimental methodology was deVIsed which incorporated a decomposition of 
the control interface, so that the effects of components of the interface on one another 
may be assessed. The structure for the experimental component of the thesis was 
outlined, and an overvtew of the expenmental paradigm was given. A literature review 
chapter precedes each expenmental component to provide context for the research. 
The final section of the thesis investigated how one might devise a tracking task for first 
person travel in a virtual environment. This chapter provided an introduction to this work, 
but the detatls are to be found in chapter 9. 
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Chapter 5 : Three Degree Of Freedom 
Rotation Control 
5.1 Introduction 
This chapter investigates 3D rotation techniques in virtual environment applicatJ.ons In 
developing a theoretical basis for the decomposition of control In interfaces for 
manipulation in 6DOF, potential\y the most complex component is that of rotational 
control. Rotation offers UI designers a plethora of significant practical problems. 
Namely, 
- Hnman operators are typicaI\y poor at representing the rotation of an object mentally 
. , 
(Shepard and Metzler, 1971). 
- Mathematical representations of rotation are significantly more complex than 
representations of translation (Zhai and Milgram, 1997, AltJ.nan, 1986). 
- CertaIn perplexing anomalies exist in the rotation of real world objects that do not 
exist in translation (HinckIey, TUI\lO, Pausch, Proffitt, KasseI\, 1997, Shoemake, 
1992). 
- In certain unimanual 6DOF Interaction Interfaces translation has been shown to 
interfere With rotation (Y orchak, 1986). 
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Howev~r, research mto rotational control has yielded a number of interesting design 
solutIOns, pnnclpally in mapping 2DOF translation control to 3DOF rotation. Current 
research appears to lack thorough investigation of human perfonnance with rotation only 
interfaces. 
The following studies are based on the hypothesis that by analysmg rotation separately 
before it is incorporated into a manipulation mterface it is possible to draw out the 
perfonnance issues associated with the speCific controllers singularly, and then in the 
context of a complete interface This will enable the designer to register a level of 
compatibility between specific translation and rotation controls. 
This study utilises a battery of techniques for the analysis of human perfonnance with 
rotation controllers for dynamic virtual environments. A variety of perfonnance measures 
are applied, some of which can be found in the literature related to analysis of rotation 
(Chen, Mountford, Sellen, 1988; Hinkley, Tullio, Pausch, Proffitt and Kassell, 1997; 
Gribnau, Verstijnen, Hennessey, 1998, Zhal, Milgram, Rastogi, 1997) Additionally, a 
number of techniques are adapted from human motor perfonnance literature (Wickens, 
1986; Zhai and Senders, 1997; Zhai, Milgram, and Rastogi, 1997) to elicit more 
infonnation about operator/controller coupling. The tasks associated with these measures 
are also discussed in detail. 
A number of researchers have addressed the problem of providing interactive 3-D 
rotation With a 2-D control device (Chen, Mountford, Sellen, 1988; Shoemake, 1992; 
Neilson, 1986) In testing these deSigns preVIous studies have been developed more on 
the basis of informal subjective satisfaction and user expectation than on objective 
perfonnance measures Chen, Mountford, Sellen (1988) implemented a matching task 
which showed very little difference in perfonnance across controllers of a Similar design 
Hinkley, Tullio, Pausch, Proffitt and Kassell (1997) repeated the study with a number of 
additional 6DOF interactIOn devices. Again, they found only subjective differences 
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between the 2D Implementations, although significant perfonnance gains were attributed 
to the 6DOF devices In comparing 2D devices Shoemake (1992) suggests that a purely 
opinion based analysis is the only reliable method of comparison This would appear to 
be supported by the results reported in previous studies 
This approach, however, does not explicitly reveal the coupling between operator and 
controller. In attempting to build a hierarchical object manipulation Interface, the 
designer must appreciate the behavioural issues associated with each interface 
component As well as summarising and adding to the underlying cognitive basis for the 
development of rotatIOn controllers, this study will develop techniques to empirically 
examine behaVioural issues associated with specific rotation controllers. 
Clearly, it is valid to examine the controller In the context of ItS task domain. In current 
virtual enviromnents the user is presented with a highly interactive dynamic enviromnent 
However, prevIOus studies (principally those engaged by Chen, Mountford and Sellen, 
1988, and Hinckley, TulllO, Pausch, Proffitt, Kassell, 1997) have considered less 
interactive tasks, such as those found in CAD packages While this is undeniably 
representative of a specific task domaIn In Itself, it may not be guaranteed to elicit the 
responses from the operator that Will reveal the differences between devices at this, or 
Indeed, a higher level 
In contemporary control experiments operators have been required to perform highly 
interactive tracking tasks (Wickens, 1986, PouIton, 1974); the analysis of the resultant 
data providing a rich description of the operators' performance with the controllers. This 
study considers the effects of a dynamic enVlromnent on the choice of controller. 
The chapter begins with an eXaJIDnation of current 3D control techniques. It covers 
contemporary research into mapping 2D control into 3D rotation, 3D rotation With 6DOF 
controllers and a novel control mapping for a 2D device. From this diSCUSSIOn on the 
design of 3D rotation controllers, a number of experiments are contrived to examine the 
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operator's perfonnance with the different controllers From these experiments numerous 
design issues are raised, and in turn, these results are carried forward into the broader 
discussion of object manipulation. 
5.2. Design Considerations with 3DOF Rotation Control 
As stated in the introduction, rotation poses a number of practical problems for interface 
designers. This section will discuss these issues in detail. The discussion will also 
highlight some pragmatic design guidelines for user interfaces, based on observations 
made in the lIterature of real world situations. 
A pervasive issue In rotatIOnal control is the human operator's abilIty to accurately 
quantify rotation in 3 degrees of freedom. Shepard and Metzler (1971) examined the time 
reqUired to recognise that two perspective drawings portray objects of the same three-
dimensional shape. They observed that task perfonnance was related to angular 
difference and in turn was no different for rotation in either the picture plane or In three 
dimensions. 
In a follow-up study Cooper and Shepard (1973) proposed the idea that mental rotation is 
an analogue process that transfonns a mental image from one orientatIon to another, 
along the way passing through a series of intennediate states corresponding to different 
physical onentations. This indicates that mental rotation is indeed a more cognitIveIy 
demandmg task than translation. 
Ruthruff, Miller and Lachman (1995) took this point further when they investigated 
whether mental rotation requires central mechanisms (Shriffin and Schneider, 1977, 
Kahneman, 1973). They adopted an approach which considered whether mental rotation 
requires access to a central processing bottleneck (see Pashler (1994) for an in depth 
description of the bottleneck theory) While the results of their experiments were not as 
conclusive as they had hoped, there was an indication that mental rotatIOn did indeed 
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require access to a bottleneck, which meant that certain other processing could not be 
undertaken wlule mental rotatIOn was engaged This has a direct beanng on 6DOF 
manipulation in that the provision of an integrated facility will suffer if attention must be 
focused on a single component of the manipulatIon. Certain features of the environment 
may aid in at least partially overcommg this by reducIng the amount of mental rotation 
required by the user. These may be in the form of constraInts or "guides" WhICh help 
explicItly define the manipulation (Norman, 1988). 
The Impact of the cost of mental rotatIon on user strategies IS very pervasive. Mountford, 
Spires, and Komer (1987) observe that users constrain themselves to particular rotations 
according to how they visualise the rotation. When Chen, Mountford, Sellen, (1988) 
attempted to change the manner in which subjects carried out the rotations, by 
constraIning the axes of rotation, they found that they would often select the wrong axis 
to begin their manipulation ThIS implies that the lack of an accurate mental model of the 
required manipulation wIll lead to a certain number of enforced corrective actions. 
When observing rotational control Cunningham and Pavel (1991) found target axis 
effects when the control space was rotated. Furthermore, they found that the human 
visual-motor control system does not respond uniformly with respect to different target 
axes. They postulate that the visual-motor control system seeks a "phYSIcally realizable" 
solutIOn to a transformation and suggest that target axis effects can lead to biases in an 
operator's input to a control system. Furthermore, they suggest that these biases may not 
be picked up by an analysis of average or overall task performance. 
Target axis effects provide the first argument for the definition of an isomorphic control 
for rotatIon. Pique (1986) corroborates this Viewpoint WIth a discussion of kinaesthetIC 
correspondence in rotation controllers. He describes kinaesthetic correspondence as the 
similarity in the paths executed by the controller and the image. Kinaesthetic 
correspondence IS akin to S-R compatibility where there IS said to be a lInear relationship 
between the user Input and display output. This is essential in the design of rotation 
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controllers, as the act of explicitly making nested rotations clearly involves a difficult 
process. 
Pique points out that, "If the designer can not achieve complete kinaesthetic 
corre5pondence by matching amount and direction of motions. he should strive f or 
making the correspondence as strong as possible." (Pique, 1986). 
The implication is that a rotational controller should promote control movements that are 
as near to their real-world counterparts as is possible within the constraints of the 
computer system. 
Having stated the need for isomorphic representations in rotation control, it would seem 
appropriate at this stage to describe a real-world anomaly that is peculiar to rotation. 
Consider figure 5.1 below. 
s 
5.1 (a) The subject rotates the controller from A to S , inducing a rotation 
of the virtual object around the x-axis. 
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c 
~ 
B 
5.I (b) The operator rotates the controller from B to C, inducing a rotation around the z-
aXIs. 
C 
Figure 5.1 ( c). The operator rotates the controller from A to C, inducing a rotation around 
the y-axis. 
F igure 5.1. Anomolies in rotation. The rotation of an object directly from A to C results 
in a di fferent object transformation than from A to C via B. 
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With a 1.1 correspondence (fig. 5.1a and b) rotanon from A to C via B yields a different 
rotation at C than if the rotatiOn is made directly from A to C (fig. 5.lc). Shoemake 
(1992) states that this would not be considered acceptable in a translation interface and 
therefore should not be tolerated in a rotation interface. He offers a solution to this 
problem With a 1 2 C-D gain mapping. Although this weakens the kinaesthetic 
correspondence somewhat, It does overcome the problem. In studies which have 
addressed the problem ofrotanonal control in this way (Shoemake, 1992, Hinkley, 
Tullio, Pausch, Proffitt and Kassell, 1997) subjects have yet to report an improvement in 
control due to a better corrsepondance Thus, it would be difficult to say whether internal 
consistency is more or less important than kinaesthetic correspondence as far as the user 
IS concerned. 
In developing a controller for 3DOF rotation the designer must adhere pnncipally to the 
issues discussed m this section These Issues may be implemented in the form of the 
following expliCit affordances. For clarity they are referred to as type 1 and type 2 
affordances. 
1 The interface must expliCitly convey its functionality. Hinkley, TuIlio, Pausch, 
Proffitt and Kassell, (1997) refer to the form factor of the mterface In terms of a 
rotation controller, this means that some perceivable aspect of the controller must 
convey how It may be rolled, pushed, pulled, o~ spun and in turn what transformation 
will ensue in the virtual obj ect. 
2 The operator will find It difficult to decompose the desired manipulation mto discrete 
rotations. Therefore, the controller must convey some sense of how the user may 
achieve the desired rotation, Without haVing to modify naturalleamed behaViOur. 
Type 2 affordances would support the argument that isomorphism is a definite advantage 
in rotation controllers Indeed Hinkley, Chen and others have attested to this, and 
deSigned controllers for 3DOF rotation accordingly. 
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One additional desirable feature to be highlighted at this stage would be a consistency in 
the metaphor. Hinkley, Tulho, Pausch, Proffitt and Kassell, (1997) report that users found 
it difficult to come to terms with the switch in modalities in some ofthe controllers 
tested. Shoemake (1992) also reports that unexpected changes in modality caused 
operators to comment that certam controllers were hard to understand. Schneider, 
Shiffiin (1977) and Shiffiin, Schneider (1977) suggest that when consistent mapping 
exists, human information processing behaviour tends to become an automatic process 
which requires little central capacity, attentIon or effort. In contrast, when consIstent 
mapping is absent, human behaviour tends to be a controlled process which requires 
effort, attentive resource and central capacity. 
ThIs section has Illustrated some of the attributes of real-world rotation and inevitably a 
variety of difficulties faced by UI designers which spawn from these attributes. Rough 
design guidelines were offered in the form of two explicit affordances and a note made to 
retain consistency within the controller itself 
5.3. A Review of Techniques for Rotation Control in 3 
Degrees of Freedom 
Thts section descnbes the design of controllers for the rotation of objects in VIrtual 
environments. It begins with a description of contemporary research into the area, before 
providing some enhancement to current designs and some tentative design Issues for 
rotatIon controllers 
Control literature reveals a reasonable body of research into the development of efficient 
and intuitIve methods for traI!sfonning 2D isotonic position control into rotation in 3 
dimensions (Chen, Mountford and Sellen, 1988; Shoemake, 1985, Hinkley, Tullio, 
Pausch, Proffitt and Kassell, 1997). However, most of the quantitative and qualitative 
research into object manIpulation in virtual environments does not tend to functionally 
de-couple rotation and translation (Bowman and Hodges, 1997; Stunnan, 1997; Zhai and 
-79-
MIIrgam, 1997, Zhal, Milgram and Rastogi, 1997, Mine, 1995). Zhai does analyse 
translation and rotation components separately In tracking and matching tasks, but does 
not de-couple them in terms of the task. 
The tendency in developing transformations from 20 position to 30 rotation control has 
been to provide an isomorpluc controIler which wIll abstract away from the underlying 
complexities of the mathematical transformations required for rotation Some researchers 
have even attempted to retain a consistency in the interface which is not necessarily 
present in real world manipulations (Shoemake, 1992). The foIlowing sections descnbe a 
number of methods for mapping control of a 20 mouse onto 300F rotational control, 
before moving onto direct 3DOF rotational control. 
5.3.1. 3DOF rotation control with 2DOF Devices 
This section wiIl describe a variety of methods of transforming 20 isotonic control into 
3DOF rotatIonal control The description of these controIlers provides some insight Into 
the diverSIty of approaches to tills problem and the progression towards a more natural 
feel to the interface. 
The sectIon is split into an analysis of simple rotation control, which illustrates 
controIlers which separate axes of rotation, and an analysis of rotation control with 
integrated axes, which examines 2DOF translation mapped to 3DOF Integrated rotatIOn. 
This format illustrates the progression in interface design for 3DOF rotation. 
SImple rotatIOn control by separatmg axes of rotatIOn. 
Perhaps the simplest form of rotation control enables the operator to rotate the object by 
first selecting an appropriate axis and then specifYing the sIze of rotation A number of 
researchers have presented different variations of this idea, which are summarised In this 
section 
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Chen, Mountford and Sellen (1988) present a user interface comprising 3 sliders, each 
representing rotation about a single axIS (x, y, or z). The user must decompose the 
rotation task into a series of discrete rotations Chen, Mountforcl, SeIlen, (1988) comment 
that in the early practice stages many users tended to pick the wrong axIS for rotation, and 
would then spend a period of time tryIng to reverse the initial error. Jacob and Oliver 
(1995) suggest the sliders approach does not gIVe a good Stimulus-Response (S-R) 
compatibihty, due to the fact that there IS little in the way of a direct link between the 
visual representation of the controller and the manipulation that the operator would 
instinctively make. A modification of the approach overlaps the sliders into a grid 
superimposed over the object (Chen, Mountforcl, Sellen, 1988). The user can then direct 
their attention to the object dunng manipulation and kinaesthetic correspondence between 
mouse movement and object transformation is improved 
Emmerik (1990) presents an explicit co-ordinate system with which to transform the 
object The user selects an appropriate control point (x, y, or z axIS) which emanates from 
the object and then movement of the interaction device is associated With the rotation of 
the object about that axis Although selection explicitly enables the operator to visualise 
the speCific rotation about that particular axis, it does not enable the user to see the more 
complex rotation In any greater detail. 
hi an approach which makes the type 1 affordances more explicit, Bier (1986) developed 
his skitters and jacks system He uses featl!res ofthe scene as axes for rotation (e.g the 
edge or vertex of an object), and skitters andjacks to give extra information about how 
the object can then be rotated with respect to this reference point The jacks and the scene 
featl!res provide specific affordances to the users in order to help them predict the effect 
of a particular manipulation. Unfortunately, there would appear to be no formal 
performance based studies wInch compare the skitters and jacks approach to other 
techniques. Skitters andjacks have a tendency to rely on a populated scene and a CAD 
style task enVlromnent 
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Bier's affordances often relate to expert users yet affordances are arguably most potent in 
the learning phase Houde (1992) presents an intuitive direct manipulation interface 
which takes the idea of expressing the axis around which to rotate the object and makes 
affordances which would be meaningful for beginners/novices. She represents each 
action as an icon (a hand grasping a handle) When the object IS available for rotation a 
set o.f handles appear at the various points for rotation It is interesting to note that Houde 
identifies that users will typically want to manipulate the controller rather than the object 
itself. Several handles are displayed for what is essentially the same operation. This 
proves an endunng issue In rotation control. Hinkley, Tullio, Pauscb, promtt and Kassell, 
(1997) found that operators had a tendency to select the controller rather than the object, 
which in the case of their controller led to an unpredictable modality switch Houde's task 
domaIn was restricted to the arrangement of furniture and therefore rotation was not 
strictly required to be performed in 3DOF. However, It does present an InterestIng 
approach to the issue of affordances in rotatJon control interfaces 
This brief section has addressed some interface designs that enable the user to rotate 
objects in 3D by specifying axis followed by angle of rotation. It is clear that in the 
design of these interfaces type 1 affordances may be incorporated, but type 2 affordances 
are largely neglected 
RotatIOn control WIth mtegrated axes. 
In addressing type 2 affordances, the rotation controller must move away from the 
concept of separate axes for rotation. The followmg work is largely based on the 
metaphor of a physical trackball deVice Here the operator may rotate the object which is 
virtJIally encased within the trackball itself. The remaining vanances in the design of 
controllers relate to the mapping of operator input to display output 
Evans, Tanner and Wein (1981) produced a controller which transformed gestures made 
by the cursor into 3D rotations. Their implementation recognises straight line (contInuous 
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rotation In X and y) and circular (rotation) gestures. To detect the different motions a 
"stimng angle" is calculated based on the change in movement of the last three positions 
of the input device. This value is then compared to a threshold to decide whether or nor 
the movement is in a "relatively" straight-line. 
d 
Figure 5.2. Rotation of the virtual sphere viewed from behind (Chen, Mountford and 
Sellen, 1988). Movement of the cursor In the direction d, causes an object rotatIOn of size 
Idl about axis a. 
In a landmark study Chen, Mountford and Sellen designed the virtual sphere (Chen 
Mountford and Sell en, 1988) The virtual sphere uses the affordance ofa sphere encasing 
the object to be manipulated in order to induce in the operator a sense that this controller 
may be used to orientate the object. It also provides hints as to how the object may be 
manipulated by the analogy With a real world activity. That is, if such an object were 
encased in a sphere in the real world and one were to place a finger on the sphere to 'roll' 
the sphere across a partIcular axis, then one would expect a specific rotation of the 
encased object. This affordance may be attributed to the physical nature of the system. 
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• 
Chen, Mountford, Sellen, (1988) compared four different rotation controllers by 
presenting subjects With two copies of the same object (a simple house) The first object 
had been rotated about its geometnc centre. Rotations were classified as simple (rotation 
about 1 axis) or complex (rotation about coupled axes). The subject using one of the four 
methods indicated above could rotate the second object. The task was to match the two 
objects as quickly as possible. Differences in accuracy were small, although subjects 
tended to find the virtual sphere "more natural" in terms offeel. The independent sliders 
were quickest for simple rotations but It was the virtual sphere controller which showed 
the best time performance for complex rotations 
Due to simIlarities between the virtual sphere and the Evans et al. controller, Chen, 
Mountford, SelleD, (1988) carried out a comparison study between the two controllers. 
Statistical tests showed there were no Significant differences between the two controllers. 
However, subjects once again displayed a tendency to prefer the virtual sphere method 
due to its more "natural feel." 
Shoemake cited a number of advantages in Implementing a rotation controller that makes 
use of quatemions (Shoemake, 1985) compared to the VIrtual sphere implementation that 
utilises Euler angles Thus, Shoemake introduced the arcball, so named because of the 
metaphorical drawing of arcs on an imaginary sphere to induce rotation. Although 
Shoemake subtly changed the nature of the link between cursor movement and object 
rotation, subjects tended only to comment on an Increase in gain and a more pronounced 
change in modality when the cursor was outside the circle compared to within it 
Shoemake also recognises some of the issues related to human behavIOur when rotating 
objects in virtual environments (Mountford, Spires and Komer, 1987). A number of 
modalities are added to the controller which include constrained rotation and the visual 
representations of the arcs descnbed in the manipulatious so as to emphasise the 
metaphor. However, Hinkley, Tullio, Pausch, Proffitt and Kassell, (1997) comment that 
the arcs were often Ignored by subjects and some even found them annoying. 
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Shoemake implemented a simple informal usability study which suggested that people 
generally preferred the arcball to the VIrtual sphere. One specific comment whIch may be 
of interest was that Shoemake claimed that subjects found the virtual sphere mampulation 
" .. hard to understand .". Tlus did not seem to be a problem with the arcball and its 
dIsplay of arcs. However, a formal empirical study which shows quantifiable differences 
between the virtual sphere and the arcball has yet to be devised. 
Clearly there are dIfficulties m descnbing the differences between controllers that have 
addressed type I and type 2 affordances. Differences whIch tend to anse in tests may 
largely be attrIbuted to confusions in the changes in modalities One may tentatively 
conclude that the stronger the affordances in the controller, the less effectively the 
operator will cope WIth any deviance from her conceptual modal 
5.3.2 Rotation Control Using 6DOF devices 
This sectIOn will address rotation controllers based on input devices that explICItly 
provide 3DOF. Controllers may be dIstinguished by the attributes described in section 
3.4. A spacemouse, for example, provides first order elastIC control in all 3DOF of 
rotation while a magnetIc tracker, such as the Polhemus Fastrak, will provide zero order 
position (or isotonic) control m all 3DOF of rotatIon. A number of studIes have compared 
these methods of control WIth those described in the previous sections. Controllers that 
provide explicit 3DOF of rotation tend to perform better than 2DOF controllers mapped 
to 3DOF rotation control. 
Hinkley, Tullio, Pausch, Proffitt and Kassell, (1997) compared the virtual sphere and 
arball controllers with a Polhemus tracker and a 3D ball input device2 using the test 
2 The 3D ball is a 6DOF isotonic device It comprises a Polhemus tracker with the sensor encased in a small 
hand held ball Hinkley's device contained. clutclung mechanism for eng.gmg and dlsengagmg control. 
TIns enabled. ratcheting movement to be undertaken by the user when rotating the device 
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described by Chen, Mountford and Sellen (1988). Hinkley, Tulho, Pausch, Proffitt and 
Kassell, (1997) descnbe the limitations of the virtual sphere and arcball techniques in 
terms of the modahties inherent in the designs. They found that users performed 
significantly faster with the 6DOF devices. They suggested that this was because users 
were able to integrate control in three degrees of freedom efficiently enough to overcome 
the performance degradation associated with the modality switciung necessitated by the 
2DOF devices. 
The authors also postulate that the affordance of the physical shape of the input device is 
an important feature In the use of a control device for rotation. However, it is dJfficult to 
compare the raw tracker and ball devices because the ball had a clutching mechanism and 
this would undoubtedly have effected the performance of the user. Nonetheless, Hinkley 
et al. dJd make some interesting observations about the subjects' use of the devices. They 
suggested that the 3D-ball's "form-factors" helped establish it as a rotation device ("balls 
are for rollmg. spInnmg. or tummg ", Hinkley, Tullio, Pausch, Proffitt and Kassell, 
1997). Even with these clear affordances it was reported that some subjects found it 
difficult to equate the physical movement of the deVIce WIth the movement of the object 
on the screen. 
Gnbnau, Verstijnen, Hennessey (1998), describe a desktop device for providing 3DOF 
rotation Like Hinkley, Tullio, Pausch, Proffitt and Kassell, (1997), Gnbnau, etal., 
employed the Chen, Mountford, Sellen, (1988) matching task to compare the 
performance of their device with that of the virtual sphere. The turntable was designed to 
be used in a two handed interface. For this reason it was used in the non-dominant hand 
in the experiment. Conversely, in keeping WIth previous studies the virtual sphere was 
used in the dominant hand. Gnbnau et.al. found that there was a slgruficant negative 
correlatIOn between completIOn time and angle of error, however they do not, however, 
report completion time. Overall, they found that the virtual sphere was more accurate 
than the turntable, and that there was no significant difference in time on task when 
averaged across all the trials. 
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Sturman (1997) experimented with whole hand mput. Subjects were required to match 
objects as in the Chen, Mountford, Sellen, (1988) task. Sturman tested a number of 
deVices with tlus task, ranging from a dataglove with clutching mecharusm to 6 dIals that 
controlled the 6 rotational and translational degrees offreedom of the object He found 
that most subjects were able to maste? the task witlun five minutes of practice. He 
suggests that rate control would be preferable to position control for larger rotatIons, 
although he reports that in informal tests users tended to overshoot dramatically, inducing 
oscillatory behaviour. Sturman observed the difficulties of decomposmg 3DOF rotatIOn 
into rotations about the component axes although he did find that subjects found it easier 
to reach 'difficult' orientations with the dIals than with the glove. This may be attributable 
to the noise inherent in the dataglove interface that made it difficult to aclneve precise 
manipulation. Sturman does not attempt to decompose the analysis of rotation any 
further. 
Zhai (1995) andZhai, Milgram and Rastogi (1997) found that when controIling 
integrated rotation and translabon with a 6DOF controller, rotation around the roll axis 
tended to be consistently more efficient than around the other two axes. However the 
acrual differences m performance were a matter of a few degrees. Y orchak (1986) finds 
that controIling a 6DOF manipulator with only one hand increases the rate of unwanted 
cross-coupling. For instance, unwanted roll or yaw commands often accompanied 
positive or negative y co~ands. 
There are few novel mapping techniques for rotational manipulation with 6DOF 
controllers. Poupyrev, Otsuka, Weghorst, & Iclnkawa (1999) descnbe a method for 
3 Zhai,I995, provides a detailed discussion of subjects' abilities to master a 6DOF matching task. Zhat's 
discussion postulates that subjects take rather longer to provide reasonably consIstent performance WIth this 
type of task A view which IS corroborated by previous human performance control research (see Wlckens, 
1986) 
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providmg a non-linear mapping for rotation. The technique is based on the Go-Go 
interaction technique for object manipulation at a distance (poupyrev, BillInghurst, 
Weghorst, Ichikawa, 1996). Although this was initially developed to explore an unrelated 
interaction paradigm, it may be applicable to some of the rotation controllers described 
here. At this time no formal user studies have been publIshed which investigate this 
mappmg technique in terms of human performance. 
This section has descnbed a variety of studies that investigate the design of rotation 
controllers with explicit 3DOF. The tendency has typically been to replicate the matching 
task of Ch en, Mountford and Sellen (1988). In general it has proven difficult to show 
differences between controllers that Incorporate both type 1 and type 2 affordances. Also, 
while chapter 2 discussed the different types of activities undertaken within a virtual 
environment, little has been said about the appropnateness of the different controllers to a 
particular task domain. The next section butlds on what was learned from the literature, in 
order to design an improved rotation controller for a 2D mouse. 
5.3.3. Design Guidelines for an Improved Controller 
This section describes guidelInes based on the previous diSCUSSion for the design of an 
improved mapping from 2D isotonic position control to 3DOF rotatIOnal control. The 
design guidelines themselves may be broadly applied to the deSign of any rotatIOn 
controller. 
It is eVIdent that "feel" is an important factor In the development of an efficient rotation 
controller. Pique (1986) discusses the importance of stimulus-response (S-R) 
compatibilIty and kinaesthetiC correspondence In transfonmng mouse movements The 
user must be able to butld up an accurate conceptual model of how the physical 
movement of the mouse relates to the rotation of the selected object The conventional 
sliders do not provide a good S-R compatibility (i.e. the direction of mouse movement is 
not intuitively or consistently linked to the direction of rotation of the object). 
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Six factors seem important in establishing a good feel to a rotatIon controller. 
1) The user must perceIve some visual response to the movement of the mouse whIch 
reveals the relationship between the physical mouse movement and the resulting 
transformatIon. The Evans et. al. controller tried to overcome tlus limitation by designing 
in a set of gestlJral rules. Thus the user knew that if the mouse was moved in a certain 
way then the response of the object could be predicted However, as Chen, Mountford, 
Sellen, (1988) point out, certain rotations require fairly difficult gestJ.Jres and the cursor 
becomes more of a distractIon during the manipulation. The virtJIal sphere provides some 
imtial VIsual feedback in that users may feel that they are "grabbing" part of the object, 
but the metaphor is not consistent when the cursor is outside the sphere. 
2) The dIrectIOn of the mouse movement must correspond In some way to the axis of 
rotatIon. This would appear to be important in terms of establishing good S-R 
compatibility. As has previously been stated, the slider based controllers offered very 
little or no correspondence between direction of movement and axis of rotation. Almost 
all subjects preferred the virtJIal sphere because, in this case, movement of the mouse was 
more directly linked to movement of the object. This last findIng may have been because 
the subjects had a stronger mental model of the virtJIal sphere controller. In this respect, 
however, the VlrtJIal sphere IS stIll limited It is important for the cursor and the grab 
poSItIOn to be linked. This means that a fcll sweep of the mouse across the sphere 
(passing through the centre) must produce 180 degrees of rotation. As a result the size of 
the VlrtJIal sphere determInes the sensitIvity of the mouse in the manipclation. 
3) The clutchmg mechanism must be intuitive and minimally applied. Hinkley, Pausch, 
Goble and Kassell (1994) point out that, " ... some of the most confounding (for the user) 
and hard-to-fix (for the implementers) usabilIty problems and ergonomic dIfficulties can 
amve due to poor clutch design". For a I80-degree rotation about an arbitrary axis a user 
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of the virtual sphere controller must drag the cursor across the diameter of the sphere. If 
the user WIshes to rotate the object any further, he or she must disengage the pointing 
device and drag the cursor back across the sphere before repeating the process. In highly 
interactive tasks especially, this could prove to be an undesirable feature. The Evans et. 
al. controller will require even more clutching/de-clutching because of the complicated 
---. gestures Involved. 
4) The user must be able to apply accurate controlled rotation in single axes (x, y, and z), 
coupled axes (xy, yz, xz) and all three axes (xyz), (Mountford, Spires and Korner, 1987). 
Both VIrtual sphere implementations fail to proVIde accurate rotatIon In single axIS 
manipulations as shown by the Chen, Mountford, Sellen, (1988) study However, the 
, 
arcball offers an explicit constrained movement mode for rotation in a single axis. 
5) Control of the rotation must be facilitated through a small number of control 
metaphors where each control is easily accessible and intuitively incorporated Into the 
controller. The conventional sliders would prove difficult to use in a tracking task, 
because the mouse would be continually moving between each of them in order to 
positIOn and reposition the controllers. The VIrtual sphere is an effective abstraction away 
from the underlying control mechanism. Furthermore, as Chen points out, the virtual 
sphere does not require a multi-button mouse or a keyboard. Physical controls are best 
kept to a minimum, freeing the user to concentrate on the task rather than the tool. 
Nonetheless, although the virtual sphere has a smgle metaphor, It can be confusing 
perceptually. The sphere itself is represented by a Circle, which merely indicates the 
boundary between modaiitles. HinkIey points out that users would sometimes attempt to 
select the boundary circle as an interface component causing confusmg modality 
sWltclung. 
6) The controller must not clutter the display. The controller IS a tool and, as such, IS not 
part of the scene graph. Thus, by definition, it must provide ffi1nimal visual intrusion 
(Chen, Mountford and Sellen, 1988). 
-90-
With these 6 design guidelines the followmg section will descnbe a new implementation 
of the virtual sphere. 
5.3.4. The 3D Rotator 
This section describes the design of a new virtual sphere. It needs to be a continuous 
metaphor which also allows the user to make precise movements in single and multiple 
axes. It must adhere to type 1 and type 2 affordance requirements and build on the design 
guidelines expressed m the previous section. 
When using current virtual sphere type controllers the user must monitor cursor 
, 
movements If the cursor drifts out of the circular boundary a switch m rotation mode is 
encountered This is problematic for the user in that attention must be shifted constantly 
to the cursor. Indeed, one subject in the Chen, Mountford and Sellen study comments that 
the Evans et al. controller seems preferable to rum because he doesn't have to think about 
the poSition ofthe cursor at all. This would seem to be an important issue if the 
controller is to be integrated into a dynamiC interface. 
This 3D Rotator illustrates a new representation of the virtual sphere that incorporates 
subtle modifications to the original design The new virtual sphere (the 3D Rotator) 
replaces the 2D cursor with a 3D cursor placed on the sphere itself. By anchoring the 
cursor to the sphere the user's attention is immediately drawn to the locale of the 
manipulation TIlis also avoids the modality issues that are present in the virtual sphere 
and arcball implementations, as the cursor WIll not stray 'ofI' the controller. Because the 
pointer is mapped onto the surface of the virtual sphere, the movement speed of the 
pointer may be related to the relative size of the object bemg rotated Thus when the user 
is rotating multIple objects in sequence there will be a consistency in the interface. The 
movement of the object is more expliCitly linked with the movement of the cursor as the 
cursor itself IS moving on the sphere rather than on a flat plane in front of the sphere 
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It IS recognised that If the cursor is allowed to move over the entJre surface of the sphere, 
then there will be significant anomalies between movement on the front facing 
hemisphere and movement on the rear facing hemisphere Thus, the pomter is constrained 
to move on the front facing hemIsphere only. This constramt facilitates the added feature 
of allowmg the user to rotate the object about the z-axis by effectively "pushing against" 
the limit of the pointer's movement zone. That is, if the user wishes to rotate the object 
only around the z-axis then they must describe a circle with the mouse that is 'bigger' than 
the virtlIal sphere. 
The new virtual sphere controller provides a better visual response to the mouse 
movement Very few subjects in the Chen study related the feel of the controller to that of 
a trackball. However, the new virtual sphere provides a much more intuitive metaphor. 
In these terms users' performance with the controller may be enhanced by the inclusion of 
flicker glasses. The new virtual sphere takes advantage of this technology by encasmg the 
object in a semi-transparent sphere as well as moving the cursor in 3 dimensions 
It is hypothesized that control of the virtlIal sphere with a 3D cursor wIll improve 
performance in rotatJon tasks and users WIll find the interface more acceptable than the 
current implementations, not least because it is a more continuous metaphor. 
Specific DeSIgn 
ThIs section addresses some of the specific unplementation issues with the 3D Rotator. 
The software was developed on an SGI MaximUlll Impact workstation using 'c' with 
Performer runtime lIbraries. Graphical models were developed m MultiGen. 
Handlmg the 2D Cursor 
The first problem addressed was that of the movement of the cursor which was attached 
to the sphere. To achieve tins effect the Xwindows cursor was rendered inviSIble, thereby 
effectively being replaced by the 3D scene cursor. Absolute position of the 2D cursor 
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provided the vector for movement calculations. When the 2D cursor came to the edge of 
the screen It was 'Warped' to the opposite edge. In this way the potential for perpetual 
motion was achieved. The 3D cursor moved according to a 2D vector from the 2D cursor, 
which was captured at each time step. The vector was transformed into a simple rotation 
around the y or x-axis of the sphere. Thus, the 3D cursor appeared to move around on the 
surface of the sphere 
Rotatmg the Target 
Rotating the target became a simple transformatIOn as IS Illustrated in figure 5.3 below. In 
a particular time step the 3D cursor may move from A to B. From this the angle a and the 
rotation axis may be calculated. From here the rotation IS straightforward. 
Figure 5.3 The cursor moves on an arc. The angle of movement gIVes an angle of 
rotation for the controller, and a vector around which to rotate. 
Constrammg the movement of the 3D ·cursor 
When the 3D cursor receives a vector which would take it across the hemisphere 
boundary, the vector IS broken into two vectors (see figure 5 4. below), The first vector 
takes the cursor to the correct point on the hemisphere The rest of the vector is mapped 
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onto a rotation about the z-axis. This allows the user to descnbe pure rotation around the 
z-axis by describing larger circles than the size of the sphere WIth the mouse. Subjects 
descnbed the sensation as " ... hke pushing the cursor against the boundary of the 
hemisphere ... like usmg the boundary as a guide ... to feel my way around the sphere" 
Figure 5.4 The movement of the cursor IS anchored to the hemisphere. 
5.4. Summary 
This chapter has described the complex perceptual and cognitive mterplay involved in 
, 
determimng and executing multidimensional rotation A variety of contemporary 
implementations have been described and categorised. This led to the derivation of a set 
of requirements for a new rotation controller (3DR). The implementation of the 3DR was 
descnbed in some detail. 
The following chapters WIll descnbe how this controller may be compared III terms of 
human performance with other 3DOF controllers and also how it may be incorporated 
into a 6DOF interface 
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Chapter 6: Object Rotation Experiments 
6.1. Introduction 
TIns chapter presents a series of 3 experiments winch examine 3DOF rotation control. 
The purpose of this exercise is threefold Firstly It constitutes an analysIs of human 
performance With rotation controllers, utilismg a variety of experimental tasks and 
measures Secondly, it provides a comparison of the 3DR controller with contemporary 
controllers Thirdly, it forms the first component m the broader study of object 
mampulatlOn with 6DOF, which is continued throughout the rest of the thesis. 
The chapter begins with a traditional matching task which is refined in experiment 2. 
Expenment 3 utilises a number of different measures in a tracking task. A discussion at 
the end of the chapter brings together the findings from the 3 experiments. 
6.2. Experiment 1 : A Comparison of Metaphors for 2D 
control of 3DOF Rotation 
The preceding discussion has examined the differences between rotation controllers 
found in the literature, and the associated techniques employed within the research 
community to elicit differences between candidate techniques. In this section an 
experiment IS described which addresses the specific differences between the virtual 
sphere, arcball and 3D Rotator (3DR) controllers 
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Hypothesis 
HI ) It is hypothesised that the 3D Rotator will provide a more consistent metaphor for 
rotation of objects in a virtual environment than similar contemporary controllers. 
Furthermore, it is expected that users will associate this feature of the controller 
with an improved interface. 
The following sections describe the environment employed and the experimental 
procedure followed before going on to discuss the results of the experiment. 
Figure 6.1 . Objects encased in a virtual sphere with cursor. 
Platform 
The study was carried out using a Silicon Graphics Maximum Impac(lM workstation. 
Subjects used the conventional 2 degree of freedom mouse. SUbjects wore CrystalEyes™ 
stereoscopic glasses, which enabled viewing in 3~. The di splay update rate was 120Hz 
(for stereoscopic viewing), while the scene update rate was kept to 30Hz. 
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The software was written In ANSI C USing the PerfonnerlM run-time lIbraries. The 
graphical models were developed in MultiGen ProlM and imported Into PerfonnerlM at 
runtime. 
6.2.1. Experimental Procedure 
Task 
The matchIng task is based on the task implemented by Chen, Mountford and Sellen 
(1988) The inner cursor is rotated to match the onentation of the outer cursor. The 
subject is infonned that their perfonnance is measured in tenns of time and acclll'licy. 
Feedback is given at the end of each match. "Excellent" indicates an error less than 5.7 
degrees. "Good Attempt" indicates an error between 5.7 and 7.6 degrees. "Try Harder" 
indicates an error greater than 7 6 degrees. The match task is split into 6 simple rotations 
(rotations in one axis) and 6 complex rotations (rotatIOns in two or three axes) 
OrientatIous are presented randomly and sampled WIthout replacement, with the 
constraint that simple orientations are presented first. Each orientation is presented 3 
times for a total of 36 trials per controller. 
Subjects 
A within subjects design was employed for this expenment. IS male subjects, between 
the ages of I 8 and 25 were recruIted All subjects were screened using the Keystone 
View VS·II vision screener (model I 136A). Subjects were tested on a number of Vlsion 
requirements for the experiment These tests assessed 
• Acuity (monocular, left and right) at both near and far points. 
• Acuity (binocular), at both near and far pOints. 
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• Phoria (eye co-ordmation), at both near and far points. 
• Fusion at both near and far pomts. 
• Stereopsis at both near and far points. 
• Colour vision. 
Additionally all subjects were tested for handedness, according to the Edinburgh 
Inventory (Oldfield, 1971). All 18 subjects were nght handed and displayed acceptable 
viSIOn. All subjects had over 2 years experience with a mouse. None had experience with 
any 3D graphics application such as CAD. All had experience playing computer games. 
15 subjects reported experience Wlth 3D first person perspective games such as Doom TM. 
ExperImental Procedure 
Each experimental conditIOn comprised the following process: -
• Subject Signs consent fonn 
• Vision screening test (1O-15minutes) 
• Handedness questionnaire (5minutes). 
• Subject conducts matching task with controller 1 (randomly assigned) (10 minutes). 
• Subject conducts matching task with controller 2 (randomly assigned) (10 mmutes). 
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• Subject conducts matchmg task with controller 3 (randomly assigned) (10 minutes). 
• Post experiment discussion (5 minutes) 
The entire experiment lasted for approximately one hour per subject. The matching task 
for each controller compnsed an unaided practice period during which the subject would 
familiarise himself with the operation of the controller. This period lasted for 4 minutes. 
The remaining 6 minutes was spent conducting the matching task described above. The 
subject was given a 2-3 minute break between controllers to avoid fatigue 
When the subject had completed all three trials an informal discussion provided an 
opportunity for him to make any further comments about any aspect of the experiment. 
6.2.2. Results 
The performance results from the simple and complex matching tasks are displayed in 
figure 6.2. As in Chen's study (Chen, Mountford, Sellen, 1988) the results show no 
conclusive differences between the controllers. In a similar fashion to Hinckley et ai's 
1997 experiment, subjects commented that there seemed to be little difference in the 
controllers. It was, however, interesting to note that there was a sigmficant difference in 
mean time on task across all controllers between Simple and complex tasks (F(I,51) = 
73.03, p<0 001). This was also noted by Chen, Mountford, Sellen, (1988) No significant 
difference was found across controllers between 2 and 3 axis rotations (p=O 433), or the 
target's absolute angle of rotation (p=O.911) There are three possible explanations for the 
increase in time on task in the complex rotation task. 
1) As Shepard and Metzler (1971) observed, it should take no longer for the subject 
to mentally rotate the object in the image plane than in the z-plane. However, they 
do not conSider complex rotatIOns around 2 and 3 axes. As Chen, Mountford and 
Sellen (1988) observe, when attemptmg rotations which are not deciphered 
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according to Cooper and Shepard's (1973) analogue mental rotation theory, the 
user will tend to make small, random, exploratory rotations to try to gain 
information regarding the required manipulation. These exploratory actions will 
take time and will inevitably yield a less efficient manipulation. 
2) Simple rotations may be achieved by straightforward, single4 movements of the 
mouse, whereas complex rotations will require more ratchet-like movements. This 
will tend to lead to a greater proportion of the manipulation time being taken up 
by movmg the pointer when de-clutched 
3) Because complex rotations necessitate a greater degree of multiple axis co-
activation there is opportlmity for more cross-coupling between axes, leading to 
less accurate rotation and therefore more corrective actions. 
The overall decrease in performance may well be due to a combination of the three 
reasons illustrated above. Exploratory actions will tend to require a great deal of de-
clutched movement, while cross-coupling is more likely in any multi-axis mampulation. 
It is not possible to dissociate these explanations in the context of the measures used in 
this experiment 
4 Interestingly this does not apply to the Z-rotation using the VIrtual sphere, whIch subjects faded 
consistently to complete in a smooth manipulation 
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Controller Time Accuracy 
Mean(s) Standard Deviation Mean(s) Standard Deviation 
Sphere (s) 11286 5.913 1.312 1191 
Arcball (s) 11.255 6.753 1053 0.718 
3DR(s) 10023 6331 1.266 1.174 
Sphere (c) 16211 7.058 1147 1.377 
Arcball (c) 14.682 6866 1.091 1.211 
3DR(c) 13 354 5.821 0.939 1.393 
Table 6.1. Time on task and accuracy scores for the simple (5) and complex (c) matching 
tasks. 
16 
Simple TIme 
Sphere Arcball 3DR 
8 15 
C 
~ 
IS ' 
05 
o 
Simple Accuracy 
Sphere Arcball 3DR 
6.2a Simple RotatIon time and accuracy graphs. 
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6.2b Complex time and accuracy graphs. 
Figure 6.2. Analysis of performance with sunple and complex matclnng tasks 
Subjects were asked to rate the controllers in order of preference (1 being the most 
preferrable). Figure 3 6 shows that the 3DR IS preferred over and aboveve the arcball and 
the virtual sphere, which proved to be least popular (X~20 6, p<O.OOI) The post-
experiment discussion provided clanty for the subjective preference results 
Most subjects commented on the fact that the 3D rotator presented a more consistent 
interface. This was usually expressed in terms of complamts regarding the change in 
modality Within the arcball and the virtual sphere. Interestingly subjects did not comment 
on the way the arcball controller overcame the anomalies in rotation associated with 
everyday real-world rotation tasks As in Hinkley's study (HinkIey, TulllO, Pausch, 
Proffitt and KasseII, 1997) they found the arcs to be more of a distraction than an aid 
Five subjects commented that they seemed "gimmicky". 11 subjects commented that they 
hked the perceived increase m gain attnbuted to the arcball, 9 of these subjects 
commented that It seemed "more responsive". 4 subjects feIt that the cursor had a 
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tendency to "run away from them". As none of the subjects had used rotation controllers 
before, this latter finding may, to some extent at least, be down to inexperience. 
3rd 
Rank 
Virtual 
Sphere 
Arcball 
Controller 
Figure 6.3. Subjective ranking of controllers. 
6.2.3. Summary and Discussion 
2 
3DR 
o 1st 
02nd 
03rd 
No. of 
votes 
This experiment introduced a variation on the virtual sphere for rotation control. The 
controller provides a more consistent metaphor by effectively anchoring the cursor to a 
front facing hemisphere. 
The 3DR was compared to two other similar rotation controllers with a matching task 
which distinguished between rotation around a single axis and rotation around 2 or 3 
axes. The results of the matching task were noticeably similar to those attained by Chen, 
Mountford and Sellen (1988). 
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As in Chen's study, the perfonnance measures did not show a conclusive difference 
between controllers. However, a reliable difference in perfonnance was observed 
between simple and complex rotations. It was difficult to attribute this effect to anyone 
property of the user's perfonnance or rotation controller. However, three candidate 
explanations were discussed. It is hypothesised that perfonnance was degraded due to the 
user's exploratory movements due to a combination of an inability to visualise the 
rotation as a single manipulation, ratcheting due to limitations in the number of degrees 
of freedom simultaneously available and/or cross-coupling. It was impossible to provide 
any further clarity with the measures utilised in this study. 
Subjects were given the opportunity to rate the controllers in order of preference. The 
3DR was consistently ranked favounte. Infonnal interviews indicated that one of the 
major issues was the consistency of the interface. The switches in modality in the virtual 
sphere and arcball controllers proved distracting and annoying. The 3DR provided a more 
consistent interface and, although it did not provide an improved perfonnance in the 
context of this task, it did provide an improved feel. This partially fulfils the hypotheses 
stated in the Introduction. 
This experiment yields the following conclusions: 
• Type 1 and type 2 affordances are important In designing a successful rotation 
controller. 
• The 3DR constitutes an improved design, when compared to the virtual sphere and 
archall. 
• Evidence is provided for the importance of feel in the design ofmartipulatlOn 
interfaces. 
• When implementing the rotation-matching task as proposed by Chen, Mountford and 
Sellen (1988), time and accuracy measures alone do not enable the experimenter to 
explaIn all the observed effects. 
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6.3. Experiment 2 : An Investigation of Human 
Performance in a 3DOF Rotation Matching Task 
As descnbed m the preface to the experimental section, The functional decomposition of 
a 6DOF interface reqUires an associated range of tasks for the analysis of the various 
components (see chapter 4). The previous section described a pilot study, developed to 
establish the 3D rotator as a valuable improvement over the existing Virtual sphere 
techruques. The task Itself did not stray too far from the original Chen study (Chen, 
MOUlltford, Sellen, 1988). Consequently similar results were achieved despite minor 
changes to the fonnat 
Inevitably, the study faIled to elicit significant perfonnance differences between 
controllers Nonetheless, subjects tended to express a preference for the 3D Rotator over 
the traditional techniques and anecdotal data proved useful in corroborating some of the 
initial design decisions. 
The central theme to the research conducted in tlus thesis lies m IdentifYing diffenng 
degrees of cognitive coupling between operator and controller, in an attedipt to identifY 
appropriate techniques for speCific task domains. To this end, tlus section will descnbe 
two new controllers which it is hypothesised will offer differing cognitive couplings. The 
three controllers exammed in this study are discussed below. 
• 3DR - This controller is identical to that described in the previous section. 
• Augme~ted 3DR (3DRA). Visually, this is the same controller as the basiC 3DR but 
functionally, an additional momentum feature is added which enables the operator to 
'fling' the object There are two fundamental aspects to this additional feature wluch 
make It an interesting component for study: 
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• The 3DR relies on a clutching mecharusm, which IDvolves a certain amount of 
cursor movement wIule the object IS not grabbed. Ifused correctly the 3DRA may cut 
down on this unwanted feature because the operator may be able to move the cursor 
to the ne:n grab poSition while the object is still rotating. 
• It is hypothesised that the 3DRA wIll use more cogrutlve resource than the 3DR 
as, in order to take advantage of the dynamic fling feature, the user must plan moves 
ahead. This may prove difficult for the user, because it relies on their innate ability to 
mentally rotate objects 
• The spacemouse. Tlus is an elastlc deVIce (fig 64) which proVIdes 6DOF on the 
desktop. For the purposes of this experiment only the rotatIOn component is 
interpreted It is hypothesised that the integrated control and better propnoception 
provided by the spacemouse will enable operators to progressively attain a more 
efficient route to the target orientation. However, this may be marred by the 
interference in control between axes caused by the integrated nature of the controller. 
Figure 6.4. The Spacemouse - an elastlc 6DOF controller. 
The design of the previous experiment addressed performance both in tenns of time on 
task and accuracy. When Chen, Mountford and SeIlen (1988) lrutially IDcorporated the 
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accuracy measure, they may have been alluding to the target directed movements studied 
by Fitts and colleagues in determining models for rapid motor responses (Fitts, 1954, 
Fitts and Peterson, 1964, Plamondon and Altmi, 1997). Here a specific relationship 
between speed and accuracy was displayed for specific translation based, rapid target 
aiming tasks. It can be argued that in rotation matching tasks such as the ones descnbed 
in the Chen, Mountford and Sellen (1988) study, accuracy is unrelated to the speed of the 
ballistIC movement. Rather than a quantitative measure, which relates the size of the 
target to the speed of acquisition, accuracy becomes a qualitative measure of the 
similarity of the target and cursor orientations. This is controller independent. 
Furthermore, it is hypotheSised that the inclusion of accuracy as a measure will add noise 
to the resPonse times. 
To overcome this perplexing issue, the following expenment eltminates the user matched 
response in favour of an automated system checking routine that continually monitors the 
rotation error. When the error IS Within a specific tolerance the system records a match. 
Further perceptual aids are provided to enable the user to perceive the error more 
accurately. These aids are descnbed in the following section. 
Hvpotheses 
The study addresses the following hypotheses. 
HI) The preVIous study introduced ambiguitIes in the operator's behaViOurs in that the 
accuracy of the task was subjectively defined. A number of perceptual factors 
may effect the subject's abiltty to judge mismatches (chapter 5). The proposed 
modifications to the task should provide more reliable measures 
H2) The 3DRA should provide better performance with multiple, large scale 
movements than the 3DR, due to the user's ability to reposition the pointer while 
the cursor is in motion. 
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ID) The 3DR and 3DRA will provide better perfonnance than the spacemouse III tasks 
that require single axis movement However, the spacemouse will provide 
improved perfonnance in tasks that require more integrated control. 
This section has described two new controllers and an experimental design that should 
prove more reliable in descnbing differences in behaviour than the previous study. The 
following section will provide a detailed description of the experimental set up. 
6.3.1. Experimental Setup 
Experzment Platform, Task and DIsplay 
The study was carried out using a Silicon Graphics MaxImum Impact™ workstatlOn. 
Two of the three groups of subjects used the conventional 2 degree of freedom mouse, 
while the third used a Spacemouse™. Subjects wore CrystalEyes™ stereoscopic glasses, 
which enabled viewing in 3D. The display update rate was 120Hz (for stereoscopic 
viewing), wlnle the scene update rate was kept to 30Hz. 
The software was written in ANSI C using the Perfonner™ run-time libraries The 
graphical models were developed in MultiGen Pro™ and imported into Perfonner™ at 
runtime 
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Figure 6.5. The new matching task. Performance is based on time on task and the 
efficiency of the path taken. Shown in the figure above is the clock, which indicates to 
the subject how long they have left and acts as feedback on their perfonnance after each 
trial. The hand takes 20 seconds to complete a 360 degree revolution at which point the 
trial is stopped and the computer waits to go on to the next trial. The time on task is 
recorded as 20 seconds. 
As in the previous experiment subjects were required to match the orientation of the outer 
target with the inner cursor as quickly as possible. However, for thi s experiment some 
additional environmental features were added. When one of the cursor rods intersected 
the appropriate target receptor, that target receptor was immediately highlighted (see 
figure 6.5). Thus, when all receptors were highlighted for 0.8 seconds the cursor and 
target were deemed matched. 
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Subjects were given a maximum of20 seconds to match each orientation. This time 
period was established in a pilot study (no subject ever took longer than 20 seconds to 
achieve a match). The time period was indicated by a clock in the environment (see 
figure 6.5). Subjects were informed that the clock hand took 20 seconds to produce one 
360 degree revolution. Once the hand had revolved one complete reveolution, the current 
matching task would end and the subject would be prompted to continue with the next 
match. 
The target and cursor orientation were recorded with a time stamp at 10Hz, into a 
database. At the end of a trial the database was recorded to di sc for analysis at a later 
date. Each record of the database was 20 seconds * 10HZ = 200 elements long. 
Subsequent to the subject matching the orientation, the remainder of the record was 
packed with zeros, so that the analysis software may reliably distinguish between 
'matched and 'not matched' states. 
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Figure 6.6. Match Indicators in the rotation task. Whenever a cursor 'rod' connects with a 
receptor, the receptor indicates the successful match by morphing into a similarly 
coloured cube. When all the receptors are concurrently matched for >0 8 seconds the 
target itself is considered matched and the user is presented with the optIOn to move on to 
the next stage of the experiment. 
Subjects 
A between subjects design was employed for this expenment. 27 male subjects between 
the ages of 18 and 25 were recruited. People who participated in the previous experiment 
were excluded All subjects were screened usmg the Keystone View VS-IT viSIOn 
screener (model 1136A). Additionally all subjects were tested for handedness, accordIng 
to the Edinburgh Inventory (Oldfield, 1971). All 27 subjects were right handed and 
displayed acceptable vision. 
Experzmental Procedure 
Each experimental condition comprised the following process: 
• Subject signs consent fonn 
• Vision screening test (10-15minutes) 
• Handedness questionnaire (5minutes) 
• Experimenter demonstrates controller and expenment (5 mmutes) 
• Subject conducts the experiment (40 minutes, see below) 
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• Post expenment discussion (5 mmutes) 
The entire experiment lasted just approximately one hour for each subject The practical 
component of the experiment was split into 51eaming phases interspersed with practice 
periods (Zhal, 1994) The practice penods comprised further demonstration and tutoring 
by the experimenter and practice by the subject Each practice period lasted between 2 
and 5 minutes. 
Once the subject had completed all six tnals an infonnal discussion allowed the subject to 
comment further on any aspect of the experiment 
6.3.2. Results 
This section reports the results from the second rotatIon docking experiment The 
analysis techruques used in this experiment are split into two streams. FIrst there are the 
perfonnance measures based on time on task. Then there are the measures related to the 
efficiency of the movement In the expenment subjects were mstructed to make the 
orientation as effiCIently as possible. The expenmenter demonstrated efficient and 
mefficlent movements. 
Analysis of the perfonnance data from the experiment IS separated into SImple rotation 
tasks (rotation about a single axis) and complex rotation tasks (rotation about more than 
one axis). The following discussion will first address the results of the simple rotation 
task. 
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Figure 6.7 displays the mean completion times for the three controllers in phase 5 of the 
experiment. An analysIs of variance5 (ANOV A) with repeated measures 
with one between subjects factor (type of controller) and one within subj 
(expenmental phase). 
Controller Mean (seconds) Standard 
was conducted 
ect factor 
Deviation 
3DR 1681 0.1 19 
3DRA 2.923 01 55 
Spacemouse 3259 02 15 
Table 6.2. Time to complete the Simple matching task. 
, The completion tImes were fitted to a statistical model obtained by linear regression ( see Zhal, 1997) As 
wer scores In order 
anthnuc 
in Zhai's analysis the distnbution of the reslduals appeared to be skewed towards the 10 
to meet the homogeneIty of variance requirements of the ANOVA (Howe1l, 1992) a log 
transformation was apphed to the data, before the ANOVA was carried out 
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Figure 6.7. Simple rotahon about a single axis. Time on task is gIven In seconds 
Firstly, completion hme scores were analysed. A significant main effect of controller type 
(F(2,48) = 93.740, p<0 001) was found. From pairwise contrast comparisons (Howell, 
1992) It was shown that 3DR achieved the best performance of the three controllers (3DR 
versus Spacemouse, (F=140.84, p<0.001) and 3DR versus 3DRA, (F= 116.663, 
p<0.001», wlule there was no significant difference between the 3DRA and spacemouse 
(p=O 089). 
Interestingly, the mean score for the 3DR was reduced from 10 seconds in experiment 1 
to 1.7 seconds in experiment 2. This increase in performance is likely to be due to fact 
that, in thiS experiment, the subjects were reqUired only to match the orientations as fast 
as they could The computer gave instant feedback of accuracy and made the final 
judgement concerning whether or not the cursor and target were sufficiently matched. 
This may have encouraged the subjects to make bolder movements With the controllers 
This is corroborated by the efficiency scores shown in figtlfe 6 8. 
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Controller Mean (0/0 inefficiency) Standard Deviation 
3DR 4846 5972 
3DRA 10.724 7096 
Spacemouse 12391 11.245 
Table 6.3. Inefficiency in the sImple matching task. 
Error Bars show 95.0% a of Meen 
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Figure 6.8. Rotation inefficiency in the simple matching task. 
A one way ANOV A was applied to the inefficiency scores in phase 5 of the experiment. 
A weakly significant mam effect of controller type was found (F(2,48) = 3.769, p<0 05). 
Pairwise contrast comparisons suggested that as with the time on task scores, the 3DR 
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appeared to be significantly better than the other two controllers (3DR versus spacemouse 
h less p<0.05, and 3DR versus 3DRA, p<0 05) The inefficiency scores seem muc 
convincing than the time on task scores, due to the large individual differen ces In the 
former. The inefficiency scores vary from only 5% to about 20%. It certainl ymaybe 
finalleaming 
due mainly to 
k That is to 
much faster 
stated that all three controllers promoted extremely efficient dockIng In the 
r 
phase of the expenment The differences in performance therefore, may be 
the directness of the input rather than the ablhty to produce an efficient trac 
say, the subjects using the position controller (3DR) could move the cursor 
than those USing the spacemouse and to some extent the 3DRA (these subje cts were 
encouraged to fling the cursor and were probably a httle more cautious as a result). 
Controller Mean (seconds) viation Standard De 
3DR 3.116 0.374 
3DRA 3.927 0597 
Spacemouse 3.225 0655 
Table 6.4 Time to complete the complex matching task 
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Figure 6.9. Complex rotatIOn about 2 or more axes Time on task is given in seconds 
A sigmficant main effect of task type (simple/complex) was observed (F(I, 24)= 109.713, 
p< 0 001) When the operator was required to rotate the object around two or more axes 
the results indicate that performance with the 3DR and 3DRA detenorated considerably. 
However, the spacemouse can be seen to retain' a similar performance score. This effect 
was pronounced enough to ensure that the 3DR no longer achieved a significantly better 
time on task score than the spacemouse in the complex rotation task (3DR versus 
spacemouse, p=O.I7IS) However, the 3DRA exhibited significantly poorer performance 
than the 3DR (3DR versus 3DRA, p<0 OS). 
Agam the tIme on task score for the 3DR was much better in experiment 2 than in 
experiment 1. This further qualifies the assertIOn that when the subject is given positive 
visual feedback and does not need to be concerned with makmg qualItative judgments, a 
more representative measure can be achieved. 
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Controller Mean (% inefficiency) Standard Deviation 
3DR 38859 9.723 
3DRA 40005 14.337 
Spacemouse 42780 20.690 
\ 
Table 6.S Inefficiency in the complex matclung task. 
Error Bars show 95JJ% a of Mean 
Bars show Meens 
Controller 
Figure 6.10. Rotation inefficiency for the complex rotatIOn task. 
There were no significant dIfferences in terms of efficiency in orientation across the 
controllers (F(2,48) < 1 0). Efficiency deteriorated considerably WIth each of the 
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controllers from simple to complex matching tasks. Notably however, the efficiency of 
the 3DR deteriorates approximately twice as much as the spacemouse. 
6.3.3. Summary and Discussion 
The experiment descnbed in thiS section has further investigated target directed rotation 
control ID the context of a self-paced task The experimental paradigm facihtates an 
IDvestlgation of the impact of controller type on the strategies employed by users in their 
attempts to make prescribed manipulations. Experiment 1 was somewhat limited in this 
respect by a restricted set of measures and by a very similar set of rotation controllers. 
Expenment 2 was based on a slightly different experimental design and associated 
perfonnance measures. 
A between subjects design was employed in expenment 2 to avoid asymmetric transfer of 
traimng effects (poulton, 1974). QualificatIOn of matched rotation was handled by the 
software rather than specifically indicated by the subject. When compared With 
experiment!, the controller common to both experiments (3DR) perfonned significantly 
better in both the simple and complex tasks. It is not possible to state whether the 
improved perfonnance is due to the automatic detection of matches, the markers, or even 
the additi<?n of the clock in the virtual environment. However, from the preVIous 
discussion it is likely that Improved perfonnance is due to the fact that the subject was 
not required to go through a qualitative judgement process to decide whether or not 
objects were matched sufficiently. 
EffiCiency (Zhai and Senders, 1997) was measured to helt> disamblguate the drop in 
perfonnance from simple to complex matching tasks. As is illustrated in figure 6 11 
below, both the 2DOF controllers decreased ID time on task perfonnance from simple to 
complex matching tasks, whereas the IDtegrated controller (spacemouse) showed no 
significant change. 
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Figure 6.11. Companson of time on task ID the sunple and complex matching tasks. 
Naively, one might assllIDe that this effect is explained by the observation that in 
providing a more integrated control, the spacemOllSe Yields a more consistent 
perfonnance than the 3DR and 3DRA However, as is shown in figure 3.15, efficiency 
decreases similarly in all three controllers across the two tasks. 
With the added observation that there was no significant difference between perfonnance 
in 2 or 3 axJS rotations, a nllIDber of assertions may be made about perfonnance With the 
relative controllers across the two tasks. Namely, 
1) When confronted with a rotation mismatch that is difficult to rationalise according 
to Cooper and Shepard's (1973) theory of analogue mental rotation, the user will 
make a small nllIDber of exploratory movements similar to those observed by 
Chen, Mountford and Sellen (1988). This Will yield a less efficient manipulation 
overall, but may not effect time on task. 
2) An increase in time on task in the 3DR and 3DRA controllers is due to a repeated 
de-clutched repoSitioning of the pointer, in an attempt to achieve a new axis for 
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rotatIOn. T1us IS not applicable to the spacemouse, which does not require de-
clutching to change the axis of rotation 
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Figure 6.12. Comparison of efficiency in the simple and complex matching tasks. 
Experiment 2 Improved on experiment 1 by proVIding a more complete picture of the 
subjects' strategies with the different rotation controllers. From this expenment, two 
major deSign Issues can be Illustrated 
1) If the user is engaged in predominantly pragmatic actions then a zero order controller 
with environmental features and constraints, which enhance type 2 affordances Will 
provide superior perfonnance for rotation. 
2) If the user is engaged in a mixture of eplstemlc and pragmatIC actions then integrated 
axes will provide a more consistent interface. 
A limitation of the experiment IS that subjects using the spacemouse did report cross-
coupling effects These effects were not represented explicitly In the quantitative data 
other than to suggest that they might be at least partially responsible, In the case of the 
spacemouse, for the decreased efficiency between simple and complex tasks 
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6.4. Experiment 3: Rotation Control in a Demanding, 
Dynamic Task 
Expenment 3 introduces a temporally demandmg task environment. The preVIOUS results 
have indicated that the spacemouse and variants of the 3DR tend to promote similar 
perfonnance in self-paced tasks. As described in the preface to this section, one way of 
dissociating controllers is by investigating the workload6 associated with each of the 
controllers. A trackmg task forces the subject to contmuously perfonn to a particular 
standard The tracking task Itself can be designed to be consistent across controllers, 
therefore factoring out the workload imposed by the task itself The remaining 
differences across conditions may be attributable to the differences in workload incurred 
by the specific controllers. 
A number of researchers have studIed rotatIOn tracking in the context of 6DOF 
manipulation. Zhai, Milgram and Rastogi (1997) analysed 6DOF tracking tasks by 
examining translation and rotation separately. They found that rotation errors around the 
z-axis were significantly smaller than errors around the x- and y-axes. Massimino, 
Sheridan and Roseborough (1989) observed similar results when tracking rotatIOns in a 
3DOF task, however they could not replicate the result when comparing tracking 
perfonnance in 1 or 6 degrees of freedom Zhru, Mtlgram and Rastogi, explamed the 
observed differences in perfonnance by suggesting that rotation around the z-axis was the 
only manipulation that did not involve dIsplacements in the Z dimension. Therefore they 
asserted that the manipulation was easier to perceive. 
The studies reviewed above considered the differences between mtegrated controllers 
With different transfer functions. The proposed experiment extends this work by 
6 In this context workload can refer to the mental andlor physical effort required to achieve a desired 
transformation WIth a parttcular controller 
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examining differences between rotatJon control with integrated and non-integrated 
controllers. The controllers studied were the same as in the previous experiment The 
following hypotheses are posited regarding performance in a rotation-trackIng task. 
Hypotheses 
HI) The tracking task requires httle epistemic actJon. Therefore, from the diSCUSSIOns 
at the end of experiment 2, position control, rather than rate control will tend to be 
more important than the degree of interface integration when investigating task 
performance. 
H2) Perfo~ancb in the z-axis should exceed performance In the x- and y-axes 
according to the findings ofZhai, Milgram and Rastogi (1997), and Massimino, 
Sheridan and Roseborough (1989). 
ID) The 3DRA controller enables the subject to select another axis for rotation while 
the ~ursor IS in motion The results of experiment 2 suggest that the subjects did 
not use this facility, since performance was similar to that for the 3DR controller. 
This may have been due to the fact that users tended to make small exploratory 
manipulations with the controller rather than more pragmatic goal oriented 
movements more appr~priate to this facility. The nature of the tracking task 
requires the user to make more pragmatic actions and therefore the 3DRA should 
achieve better performance as a result. 
H4) It is hypothesised that task performance will be related to the proportIOn of time 
that all 3DOF are co-activated. 
HS) As descnbed In chapter 3, With practice operators' performance in tracking asks 
improve according to the progression hypothesis. To some extent this Will be 
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affected by the controller type but Will remain an observable effect m all the 
controllers 
The folloWing sections present the implementation and results of the experiment and a 
discussion of the observed effects. 
6.4.1. Experimental Setup 
Experiment Platform, Task and Display 
The experiment utilised the same hardware and models as the previous docking 
expenment. However, the clock in the display was redundant and therefore excluded 
Instead, the subject was presented with a measure of his performance at the end of each 
trial 
The track comprises a sum of 5 sine waves in each axis. The sme waves are presented in 
table 6.6. below 
Axis Constituent Frequencies 
X 001304 00555 0.5111 0.3383 01171 
Y 0.01705 04268 0.1211 0.0471 0.2333 
Z 001211 00611 0.3211 01053 0.5317 
Table 6.6. The constituent sme waves for the tracking task. 
The sine waves are combined accordmg to the following formulae: 
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x = ~1=Ssin(21t* fx[i] * t) I K 
Z = ~1=Ssin(21t* fz[i] * t) I K 
where X, Y, Z are the discrete rotatIOns around the X, Y and Z axes respectively, and f is 
the array contaming the 5 frequencies Illustrated in table 6.6. t is the current time in 
seconds and K is a constant, which, through piloting, was set to 17. 
x, Y and Z are transformed mto rotation matrices and combined in the following manner, 
Rotation Matrix = Z·X·Y 
The target always starts m the 'zero' orientation, matched with the cursor. Each time one 
of the cursor's rods mtersects the appropriate receptor on the target, the receptor is 
highlighted. This procedure is identical to that of the docktng experunent. 
The subject tracks the target for 1 minute. The software records the movement of the 
target, the cursor and a time stamp 20 times a second The resulting database is stored to 
disc on the completion of the trial. 
Recovering the Euler angles of rotation around a particular axis is a non-tnvial process. 
Tm this respect, the studies m this thesis take the same approach as Zhai. Milgram and 
Rastogi (1997). Briefly, the rotation mismatch between the target and the cursor is 
recovered as a single vector. This may then be decomposed into the projections of the 
vector along the X, Y, and Z axes respectIVely. The resulting scalar values represent the 
contribution of the overall angle along each constituent axis (see Altrnan (1986) for a 
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detailed discussion}. For each tnal the RMS rotational error (Zhai, Milgram and Rastogi, 
1994) is calculated and displayed to the subject. 
Subjects 
A between subjects design was employed for this experiment. 33 male subjects between 
the ages of 18 and 30 were recruited. People who had participated in either of the 
previous expenments were excluded. All subjects were screened for acceptable vision 
and handedness. 2 subjects were excluded for poor stereo acUIty. A further subject was 
rejected for poor performance. Of the remaining 30 subjects, 28 were right handed and 2 
were left handed (Oldfield, 1971) The subjects were split into 3 groups, where each 
group was assigned a particular controller. The 2 left handed people were randomly 
assigned across the three groups. 
6.4.2. Experimental Procedure 
Each subject performed 5 blocks oftnals. Each block contained 4x I-minute tnals of 
tracking At the end of each trial the software displayed the RMS error for that trial. 
Subjects were encouraged to affect the lowest RMS error possible. 
Between each block of trials subjects were able to practice With the controller and receive 
tutoring from the examiner. 
The experimental procedure was formalised as follows: 
1. Subject signs consent form. 
2. Vision screening test. 
3. Handedness questiomIaire. 
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4. Expenmenter demonstrates the controller and experiment 
5. Subject conducts the experiment 
6. Post expenment discussIon. 
As WIth the matching experiment, this experiment lasted for around I hour, 20 minutes of 
whIch was spent traclang. 
6.4.3. Results 
This sectIOn reports the results from the traclang expenment Two types of analysis were 
perfonned on the data: 
1. Error measures. RMS error was calculated for the entire track, and decomposed into 
contributions in X, Y and Z. 
2. Measures of co-ordiuation. A measure for how often and how long the subject was 
successfully traclang all 3DOF was established. 
Both techniques are descnbed in detail in chapter 3. These data are analysed for 3 
(controllers) x 10 (subjects) x 5 (phases) x 4 (trials per phase) = 600 tnals. Figure 6 13 
Illustrates the progression in perfonnance across the 5 learning phases for each of the 
controllers. 
An analysis of variance WIth repeated measures with one between subjects factor 
(controller) and two within subjects factors (decomposed rotation (Rx, Ry, Rz) and 
expenmentaJ phase) was applIed to the RMSE data. The main effects of dimenSIon and 
phase were both sigoificant (dimensIOn, F(2,54) = 63.934, p<O.OOI and experimental 
phase, F(4,108) = 69 01, p<O 001) Also a sigruficant interaction between phase and 
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dimension was noted (F(8, 216) = 16.54, p<0.005). The main effect of controller type 
was found to be significant (F(2,54) = 53.771, p<0.001). Pairwise contrast comparisons 
revealed that the 3DR performed sigmficantly better than both the spacemouse and the 
3DRA (3DR versus spacemouse, F = 69 404, p<0.001, 3DR versus 3DRA, F = 68.289, 
p<0.001). 
With each of the controllers, rotation around the z-axis was consIstently worse than 
around the other axes (p<0.00 1). Errors around the x-axis were generally smaller than 
errors around the Yaxis, although WIth training these errors became insignificant (see 
figure 6.17). 
Figure 6.13. (a) Spacemouse, meanRMS errormX, Y andZ across 5 phases oflearning 
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Figure 6.13. (b) 3D Rotator, meanRMS error inX,Y andZ, across 5 phases ofleaming. 
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Figure 6. 13.(c) Augmented 3D Rotator, mean RMS error in X, Y, and Z across 5 phases 
ofleaming. 
Figure 6.13. Dimensional analysis of trackmg error across 5 phases of the experiment. 
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Figure 6.14. Mean RMSE in X, Y and Z across controllers in phase 5. 
Controller Mean RMS Error Standard Deviation 
3DR 41.019 0646 
3DRA 46.131 2.167 
Spacemouse 45.986 1571 
Table 6.7. Mean integrated RMSE for the rotatlon tracking experiment 
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Companson of integrated tracking scores for rotation 
---
Controller 
Figure 6.15. Companson of integrated tracking scores in phase 5 of the tracking 
expenment. 
Measures of coordination were compared across controllers in phase 5 of the experiment 
(see figure 6.16). The mean "on target" value was the phase 5 mean value for each of the 
controllers (3DR = 41.019, 3DRA = 46.131, Spacemouse = 45.986). From the results it 
would appear that the spacemouse and 3DRA are reasonably coordinated (C<O 
discoordinated; C>O coordinated) while the 3DR performs slightly better. Differences in 
the coordination measure are probably attributable to the fact that the operator was able to 
keep up WIth the track much better when using the 3DR rather than the other controllers 
since It was essentially a zero order position control. The 3DRA controller did not yield 
supenor performance as was expected. Indeed it proved the least coordmated of the 
controllers. 
• 
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Controller Mean Coordination Standard Deviation 
3DR 0.177 0014 
3DRA 0085 0.008 
Spacemouse 0088 0019 
Table 6.S. Mean coordination across subjects in phase 5 of the rotation expenment. 
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Figure 6.16. Mean coordination across subjects in phase 5 of the rotation experiment. 
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6.4.4. Summary and Discussion 
The experiment descnbed in this section addressed operator performance with integrated 
and non-integrated controllers in a tracIang task. From tlus experiment a number of 
observations were made regarding performance with each of the controllers: 
1) The 3DR controller provided signIficantly lower RMSE and better coordinatIOn 
than the spacemouse and the 3DRA controllers. The dIrect zero-order control of 
the 3DR enabled the user to keep up with the track and overcome the IlImtations 
of the 3DR with respect to the demands of the rotation task. It is debatable as to 
whether the 3DR would consistently achieve better performance than the 
spacemouse if the task demand was increased significantly. Many subjects 
reported that the 3DR required a high degree of c~ncentration In this task. These 
observations may lead to a suspicion of "ceIlIng" effects These issues are 
inevitable when considering a Jughly Integrated experimental framework as is 
described in this thesis The task demand in this experiment was carefully 
implemented with respect to the task's compatIbIlIty WIth experiment 6 
2) Performance in the z-axis was shown to be superior to performance in the X-axIS 
across controllers. However, performance in the y-axis was more closely coupled 
WIth performance in the Z-axIS than in the Zhai, MIIgram and Rastogi (1997) or 
the Masslmino, Sheridan and Roseborough (1989) experiments. Zhai, et al. 
explained the dIfferences in performance in the different axes in terms of depth 
perception Whereas both the Zhai and Massimino targets/cursors were 
symmetncal, the target/cursor in the experiments In this thesis employs an 
asymmetric shape The "square" of markers in the X-Z plane ofthe target/cursor 
gives more cues to manipulation around the y-axis than eIther the x- or z-axes 
Thus the subject has more aids to manipulation around the y-axIS than the other 
J 
two axes 
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3) The 3DRA controller did not distinguish Itself as expected in this experiment. It 
was less coordinated than the 3DR controller and possibly as a result, It yielded 
poorer RMSE scores. This may be attributed to subjects' inablhty to effectively 
utilise the subtle features of the controller. Particularly in the early stages of 
learning, subjects tended to use the momentum based capabilities of the 3DRA 
with trepidation, preferring to rely on a position control strategy. In this case the 
momentum facihtles only served to introduce errors as the object frequently 
moved once the controller was de-clutched. 
4) A relationship between coordmatlOn and RMSE scores was found within the 
hmited context of this experiment. As in the Zhai and Senders experiments, co-
ordinatlon did not tend to vary across tracks, and IS thus only reported in the final 
phase of the experiment. Even though the 3DR is clearly a less integrated 
controller than the spacemouse, it achieved superior coordination in the rotation 
tasks of this experiment This would seem contrary to expectations in that 
intuitively a controller which facilitates movement in 3DOF simultaneously 
should provide better coordirlation when applied to a 3DOF rotation task than a 
controller wluch only facilitates control In upto 2 axes Simultaneously. This 
, 
apparently contradictory findmg is explained by point 1 above. Thus, a more 
demanding task may degrade performance With the 3DR and 3DRA controllers to 
a greater extent than With the spacemouse. 
5) Learning effects were observed across all the controiIers. There seemed to be no 
effect of controller type on the subjects' abihty to Improve their task performance. 
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6.5. Smrimary 
. . 
This chapter constitutes a comprehensive study mto rotatIOn control in vIrtual 
environments. A reVIew of the pertinent issues in rotation control in terms of the 
associated perceptual and cognitive issues, coupled with a review of contemporary 
rotation controllers, yielded a small set of design criteria for rotation controllers, 
particularly when mapping 2DOF control to 3DOF rotatIOn To summarise the main 
'. 
. " pomts: 
1 The mterface must explicitly convey Its functionality 
2 The controller must convey some sense of how the user may achieve the desired 
rotatIOn, without having to modify natural learned behaviour. 
3 The rotation controller must be consistent with the rest of the interface and With 
itself. 
4 The rotation controller should aVOid modahty switching and Ill-defined 
behaviours 
5 The rotation controller must seek kinaesthetic correspondence. 
5.1 The user must perceive some visual response to the movement of the mouse 
which reveals the relationship between the phYSical mouse movement and the 
resulting transformation. 
5.2 The direction of the mouse movement must correspond in some way to the 
axis of rotation 
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6 The clutching mechanism must be intuittve and minimally applied. 
7 The user must be able to apply accurate controlled rotation in Single axes (x, y, 
and z), coupled axes (xy, yz, xz) and all three axes (xyz). 
, 
8 Control of the rotation must be facilitated through a small number of control 
metaphors where each control is easily accessIble and intuitively incorporated into 
the controller. 
9 The controller must not clutter the display. 
The VIrtual sphere was modified according to these criteria to produce the 3D Rotator 
(3DR). This controller was tested against two popular contemporary controllers (virtual 
sphere and atcball). SubJects' comments reIterated the need for a consistency in the 
interface 
Experiment 2 saw a reworking of the task in expenment 1 Here, the 3DR was compared 
with a 3DR augmented with momentlIm (3DRA) and an integrated spacemouse 
controller. The results from this expenment Indicated that while the 3Dlt achieved 
superior performance In simple matching tasks, in tasks where the required manipulation 
was harder to visualise, the epistemic actions involved In performing the marupulatJon 
involved a great deal of declutched movement of the pointer. This took time and the 
performance of the controller deteriorated. The spacemouse in contrast retained almost 
exactly the same performance. 
Experiment 3 involved a tracking task. A progression effect was noted in all the 
controllers. By comparison with previous work, tracking performance was shown to 
relate to the relationslup between the shape of the target and directIOn of movement. 
Across all tasks the 3DR achieved a competttive performance. 
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Chapter 7 : 6DOF Object Manipulation 
in Virtual Environments 
7.1. Introduction 
This chapter investigates 6DOF object manipulation in virtual environments. There is a 
significant body ofhterature which relates to 6DOF control for various applications 
including manipulation of space vehicles, general teleoperanon, and VIrtual reahty (see 
McKinnon , King and Runnings, 1987; McKtnnon and King, 1988, Massunino, Sheridan 
and Roseborough, 1989; Zhai, MIlgram and Rastogi, 1997). Much of the experimental 
work in 6DOF control has focused on understanding the hmitations of the human 
operator in controlling 6DOF simultaneously. An important theme throughout this thesis 
has been that the human operator has a limited capacity for manual tasks, and that he is 
ultimately susceptible to perceptual and cognitive factors that will degrade performance 
in such tasks Early chapters illustrated a number of different techniques for measunng 
human motor performance, and alluded to some of the deeper cognitive issues associated 
with multi-dimensional control 
It is not the pnmary Intention of this chapter to extend the bottom level understanding of 
the motor or attention systems of human beings. Rather, the followmg pages provide 
insight into the design of controllers for 6DOF object manipulation tasks, with particular 
focus on those task domains which may be pertinent to virtual environment based 
actlvities Nonetheless, an inSight Into the deSign of controllers for 6DOF control is 
reliant on a broad understanding of deeper psychological issues. Thus, a comprehensive 
review of the relevant literatlire precedes the expenmentatlon 
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The chapter builds on the experimental work presented in chapter 6. These experiments 
focused on the differences in operator performance associated with integrated and non-
Integrated control. In chapter 6 this issue was made particularly explicit, in that whilst the 
spacemouse facilitated simultaneous movement in 3DOF, the 3DR and 3DRA provided 
simultaneous control in only 2DOF at anyone time. Arguably, WIthin the broader 
concept of object manipulation, the distinction between integrated and non-integrated 
control should be even more prevalent. This chapter therefore also provides a review of 
control techniques for virtual environment based applications. 
Certainly, one of the more interesting Interface paradigms IS that which incorporates 
bimanual control. Early work into teleoperation predominantly utilised bimanual dual-
joystick controllers, and designers were sceptical as to whether unimanual 6DOF control 
was indeed achievable (see McKinnon and KIng, 1988). Since then a number of 
researchers have shown the value of integrated unimanual control in dynamic task 
enVironments (Zhai, Milgram and RastogI, 1997; Mine, Brooks and Sequin, 1997) 
However, there remains a dearth of expenmental work into human performance with 
simultaneous rotation and translation control. This chapter provides a number of studies 
into aspects of object manipulation, which, when combined With the studies on rotation 
control In chapter 4, provide a rich description of some of the Issues in integrated and 
non-integrated control for object manipulation 
The chapter begins with a review of the relevant literature into object rnampulation. The 
discussion is broken down into a discussion of2D mouse-based interfaces for 6DOF 
object manipulation, integrated control and finally bimanual control The reView 
illustrates the diversity of techniques employed for object manipulation, particularly In 
virtual enVironments, yet concludes that the work (particularly that which is VR related) 
tends to be reasonably high level and application specific. One of the major contnbutions 
of this thesis is in providing a sometimes retrospective link between the lower level 
research into human performance and the higher level application development work 
discussed throughout. 
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7.2. A Review of Object Manipulation Techniques 
This section wilI review contemporary research into 6DOF object manipulation 
techniques Object manipulation has been approached in a variety of different ways, 
ranging from the utilisation of2DOF devices, with a great deal ofmodaIlty switching, to 
mtegrated 6DOF control. This chapter supports the hypothesis that the functional 
assignment of rotation and translation, to dominant and non-dominant hands respectively, 
wilI provide the degree of integration required for espistemic interaction, while 
overcoming some of the preciSion issues associated with unimanual 6DOF control. This 
IS appropriate for pragmatic control. 
A number of researchers have addressed human performance with 6DOF object 
manipulation tasks (Zhai, Milgram, 1997; Massimino et. al., 1996). The analysIs of 
human performance in 6DOF has more recently had a tendency to be split between 
integrated controllers (a single controlIer prOViding the full 6DOF control) and a 
bimanual solution (dividing functionality between two controlIers). This chapter is 
principally concerned with determining the relative ments of each of these approaches 
The analysIs of object manipulation In 6DOF is intrinsically link~d to the task domain. 
For optimum performance with a 6DOF controlIer a logical mapping must exist between 
controller arid task environment (McKinnnon and Kruk, 1991). Feedback from the 
system must be easily interpreted and, according to McKinnon and Kruk, must respect a 
smgle logical co-ordinate system. This view is supported by the investigation into 3DOF 
rotation in Chapter 4. Mckinnon and Kruk posit that while these requirements appear 
relatlvely straightforward they are often compromised in controlIer designs. 
Mine (1995) descnbes manipulation in terms of changes in poSition and/or orientation. 
When relating this to manipulation in virtual environments he differentiates between 
movement related to the position of the operator's hand; movement related to the control 
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of an external device (such as a joystick, slIder or dial); and movement assocIated WIth 
virtual controls (controls which exist within the VIrtual environment). Object 
manipulation with controllers in the virtual environment may be Illustrated by the virtual 
sphere, arcball and 3DR techniques (see chapter 4) 
Mine's taxonomy of object marupulation techmques may provide a clear picture for the 
development of higher-level VR based applications. However, It does not provide 
sufficient background to the development of control interfaces to facilitate an in-depth 
diSCUSSIOn of 6DOF control. The following sections in this chapter describe object 
manipulation in a logical progression from single handed reduced DOF control devices, 
through integrated control, to current bimanual interfaces. 
Poupyrev, Weghorst, BIilinghurst and Ichikawa (1997) suggest that the development ofa 
, 
single universal technique for each of the components of interaction is difficult, if not 
impossIble. In suggesting that designers may take another route in defimng interaction 
metaphors, they advise a world-centred approach This can be achieved by improving the 
spatial design of the virtual environments to allow for optImal performance using existing 
techniques. Wlnle the development of spatially optimum manipulation environments is 
desirable it must be recognised that throughout the broad range of interaction styles, some 
may be more appropriate to certain tasks than others. 
Due to the limitations of the current VR paradIgm and to some extent, the cognitIve and 
physical limitations of the operator with respect to what has become a demanding task 
domain, a number of researchers have advocated constraint based object manipulatIOn 
(Fernando, Fa, Dew, & Munlin, 1995; Bowman, 1999; BIer, 1990) With advances in 
associated technologies providing a more direct interaction metaphor, constraint based 
manipulation provides value by overcoming perceptual issues (Bowman and Hodges, 
1999). A constraint based direct interaction system promotes fast and accurate object 
manipulation. Where this technIque is appropnate for construction based tasks (e g 
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CAD) in which an environment will contain numerous reference points, it IS less 
applicable to sparsely populated environments requiring more epistemic manipulations 
The study of human performance with 6DOF control IS maturing. However there are 
more comparatIve studies than studies that IIDpack the cognitive and perceptual issues of 
mapping user control into a virtual environment. This sectIon will introduce relevant 
research in the area and pose questions and hypotheses, which will form the starting point 
for future work in this area 
7.2.1. Object Manipulation with a 2D Locator 
This section examines contemporary research into object manipulation with 2DOF 
devices. Object manipulation with 20 input devices represents the problem imtially faced 
by Interface designers when developing applications that were based in three dimensional 
spaces ThIs section reviews some of the solutions offered by the research community. 
While object manipulation with a 20 input device may seem a dated form of Interaction, 
it does nevertheless illustrate some pertinent issues in 6DOF Interaction. 
20 Mouse based object mampulation in virtual environments has been addressed by a 
number of researchers (Emmeik, 1990; BIer, 1986; Houde, 1992; Neilson, & Olsen, 
1986) 200F controllers overcome the problem of limIted control through a vanety of 
interface constraints. The reader should note that the following list is not necessarily 
mutually exclUSIve. 
1. Explicit modalities. Many CAD systems explicitly separate modes of control 
(rotation, translation, selection). These modalities become mutually exclusive. Thus, 
the interaction is time-multiplexed. This technique may provide accurate placement, 
because there is less likelIhood of interference across axes of manipulation. However, 
the cost comes In terms of the amolIDt of work the operator must IIDdertake in any 
given manipulation. Also, humans are used to manipulating objects in the real world 
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In an integrated manner. As discussed in chapter 4, separating elements of control 
may well cause confusion in the operator's approach to a manipulation. 
2. Partial Integration: Rotation controllers such as the virtual sphere (Chen Mountford 
and Sellen, 1988), provide a VIrtual environment based controller which on some 
level at least proVIdes Integrated control of more than 2 axes These forms of 
integrated controllers, while reasonably successful within a limited task domain, have 
yet to be proven in a 6DOF integrated control. 
3. Coustraint based manipulation A number oftechruques have employed facets of the 
scene graph as references for a manipulation. For example, the e,dge of an object may 
proVIde an axis for rotation, or the face of an object may provide a plane over which 
to trauslate the selected object While these techniques are popular in CAD 
applications, they are of only hmited use in dynamic but sparse environments, where 
reference points may be rare. 
The eusuing interfaces have been based on compromise, either in terms of performance 
or in terms of degree of movement The following review will provide a cntical 
diSCUSSion of the implementation of various 2DOF interfaces for 6DOF control. 
Emmerik (1990) described manipulations in terms of local co-ordinate systems that were 
themselves manipulated by the operator. He described a set of simple control mappings 
that relate 2D mouse movement to 3D manipulation in rotatlon, translation and scale 
according to the relative movement of the mouse with respect to the approphate axis 
Primitives were created by menu selection. Once selected the transformation depended on 
the control point selected and the movement of the mouse. Whtle this is an ingenious 
system it stlll invokes hrmted control and, to some extent at least, the user is required to 
SpeCify the type of transformation to be made before actually making It 
-142-
Eric Bier developed a system for 6DOF object manipulation With his Skttters and Jacks 
(descnbed briefly in chapter 4). BIer's technique enables the user to dynamically select a 
frame of reference within which to work on the object. Manipulation of the object then 
requires the explicit identIfication of a meta-manipulatlOn from a menu of options. The 
enSUIng manipulation is related to the recently defined axis. 
Neilson & Olsen (1986) described a method for specifYing object manipulation with a 2D 
locator. The mapping is based on developIng zones of movement for the mouse. Thus 
diagonal vectors yield a translation In Z. However, they found that the interpretation of 
the metaphor depended on the position of the cursors. The designers tried to alleVIate the 
problems this may cause by enablIng the user to translate along vertices and faces of 
other objects in the scene. There was no formal evaluation of this technique. Rotation was 
specified by selecting an edge or face to act as a reference point for the transformation. 
The extent and dIrectIon of rotatIon was then governed by movement of the mouse. 
Object manipulation With a 2DOF interface necessitates a high degree of modalIty 
switching. The manipulation components (selection, rotation and translation) tend to be 
represented as separate entities and are therefore phrased separately in an interaction. 
This has advantages for pragmatic actions In terms of precision, however It does lack a 
high degree of isomorphism which would normally enable the operator to perceptIIally 
integrate the functionality. ThIs is essential for epistemic interaction. The implication is 
that wlnle this is appropriate in a CAD enVIronment, larger scale environments may incur 
severe performance issues 
7.2.2. Object Manipulation with Integrated 6DOF Controhers 
This section explores the opportImities assocIated with integrated 6DOF control for 
virtual object manipulatIon. The opening discussion focuses on the perceptual-motor 
issues of providing 6DOF control with a single hand This is followed by a review of a 
number of interfaces which utilise 6DOF control for object manipulation. 
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A successfully integrated 6DOF interface enables the operator to perfonn natural 
phrasing for object manipulation tasks The issues described in chapter 2, such as the 
naive physics based description of interaction and the differing motivatlOns for actiVIty in 
a virtual environment, should be addressed in the design of the controller. As Krueger 
(1983) suggests, the human operator should be able to manipulate objects in the VIrtual 
environment in the same way that she manipulates objects in the real world. 
However, a number of researchers have found 6DOF control with a single controller to 
be more difficult than expected, partIcularly in terms of co-ordinating translation and 
rotation (Lipscombe, 1981, Ware and Osbome, 1990). Fracker and Wlckens (1989) 
descnbe a multi-axis manipulatIon In tenns of multiple tasks demanding appropriate 
portions of attention. The functional division between translation and rotation, which 
would potentially prove even harder to integrate cognibvely, may well serve to further 
complicate matters. A number of researchers have noticed crossover effects between 
control components. (Masslmino, Sheridan and Roseborough, 1989; Zhai and Milgram, 
1997) 
Massimino, Shendan and Roseborough (1989) investigated one-handed tracking in six 
degrees of freedom. They compared one, three and six degree of freedom, between 
velocity and acceleratIon controllers in a tracking task. They found no difference in 
tracking perfonnance between x-translation and y-translatlOn7• It was reported that x 
translation had significantly lower RMSE when combined with x rotatIOn or z rotatIOn 
than with y-rotation, indicating that maybe there IS some residual effect in rotation around 
y. This would tend to follow the previous discussion. Clearly y-rotation will suffer cross 
coupling from the z-rotation axis. 
7 Masslmino, Sheridan and Roseborough dId not use stereoscopic projections for the tracking in the z-
dunension This WIll almost certainly have effected therr ability to perceive the movement in this 
dImension 
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All of which would lead McKinnon, King and Runnings (1987) to suggest that the design 
of a manual controller is ' not an elegant mathematIcal procedure'. They swnmanse 
three basic design principals· 
1. Each axis of control input must be logically and directly related to a controlled axis. 
2. The controller should involve displacement sensing (zero order control). They 
observe that, wlnle isometric devices provide an ideal mechanical solutIOn to the 
input device problem, muscle force In hwnans is a function of several vanables, and 
the muscles become fatigued under sustained force application. 
3 Visual feedback must be co-ordinated With both the control-input device and WIth the 
operator's perceptIon of the task. 
From design principle 2 one may conclude that the degree of cross coupling could be 
inversely related to the amount of proprioception8 assocIated with the interaction device. 
Indeed Zhai and Milgram (1995) found that their EGG device produced better 
performance in 6DOF than the isometric spacemouse. Clearly the EGG incorporates 
more proprioception than the spacemouse 
McKtnnon, King and Runnings (1987) found a controller augmented with force reflectIon 
yielded significantly faster task completion times in a nut and bolt assembly task than the 
same system WIthout force reflection. McKinnon and King in a later paper (McKtrlnon 
and King, 1988) suggest that a lack of kinaesthetic feedback results In a tendency to over 
control and thus to make the system unstable, particularly when stress elements are 
added, whether they be enviromnental or part of the task domain. 
• Proprioception is defined here as a person's sense ofIhe posItion and orientatIon of her body and hmbs 
-145-
Mine, Brooks, and Sequin (1997) Investigated the importance of proprioceptIon in virtual 
envIronment interaction even further. They reiterated McKinnon, King and Runnings in 
their support of haptic feedback and went on to suggest that a lack of extroceptIve cues 
will cause the operator to be less precIse In certain manipulations 
These authors identified several factors which make fine grain interaction In a virtual 
f'oo, 
enviroIl11ient difficult. 
Immersive users tend to stand away from the desktop, thus manipulation IS carried out 
in free space, rather than with the arms resting on the desk. This may introduce strain 
and as a result inaccuracies In the manipulation 
Operators depend on physical constraints in the real world to aid in the manipulation 
of virtual objects (e.g., turning a door handle). These may not be present for all' 
manipulatIons In a VIrtual environment. 
Colin Ware, (Ware, 1990) describes using hand posluon for virtual object placement. He 
describes a novel interaction device called the 'bat' for manipUlating objects in the virtual 
environment. The device is essentially a Polhemus 6DOF magnetic tracker mOUnted in a 
rectangular block with a single button for grasping. The physical representation IS one of 
a mouse that can be lifted off the table (hence the "bat") 
Ware investigated the value of overcoming the problems of depth perception by disabling 
z-translation and enabling a 90-degree rotatIon of the world in the XY plane as a 
modalIty switch He tested this hypotheSIs with the bat He observed that in certaIn 
CIrcumstances users would tend to ratchet their movements rather than making a single 
continuous movement. Two distinct phases of responding were identIfied. 
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Phase 1: the subject makes rapid progress to the target 
Phase 2: The subject makes numerous small adjustments, which frequently result in 
temporary increases in distance from the target object 
Ware observed that with the Z-axis disabled It takes proportionally longer to complete 
phase 1 'ofthe cycle, whereas phase 2 is more efficient. He made the observation that It is 
easy to introduce z errors inadvertently while attempting to correct for x and y errors. He 
, 
showed that when the task is a two-stage process then both techniques aid in placement 
times. However when accuracy is de-emphasised the dIsabled z interface proves a 
hindrance. 
Liang and Green (1994) developed the IDCAD system for interactive 3D modelhng. This 
system utilised a single 6DOF device (Ware's bat). They employed a number of novel 
techniques for specifying and interacting WIth the scene. Object manipulation was 
implemented in a discrete set of modes: 
Rotate and translate the entire model. 
Select aspects of the niodel. 
Orientate and align individual pieces 
IDCAD enabled the operator to select objects by ray or cone casting. That is, a ray or 
cone is shot mto the scene. The selected object IS the first object to intersect the ray 
Cones are used in a simIlar manner for multiple selections. 
Sturman, Zeltzer and Pieper (1989) investigated different ways to use the hand to mteract 
WIth virtual enviromnents. Whole-hand interaction involves interpretation of the user's 
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hand motion, rather than Interpretation of the user's manipulation of an instrumented 
object, such as the mouse, which may, in fact, be an appropriate metaphor for the action 
being simulated They observe that the whole hand metaphor provides a more natural, 
effiCIent and intuitive way to interact WIth a virtual environment 
Sturman, et.al , proposed finger postures as logical buttons Through informal analysis 
they foUnd this to be a natural and efficient metaphor. The study examined fingers and 
hands separately and in conjunction to pass a rich subset of information about 
manipulation to the VIrtual enVIronment. 
In a different study, Schmandt (1983) designed a system where users could reach In to the 
scene and directly interact with the objects with a 6DOF wand The wand was based on a 
Polhemus tracker and a button for Input. Subjects revealed problems with the interference 
in the magnetic field sensing and problems with precision. Sturman (1997) also found 
these problems when testing his whole hand input. 
Poupyrev, BiIIinghurst, Weghorst, Ichikawa (1996) defined an extension to the grab or 
point and click selection metaphor with the go-go technique. The Go-Go technique 
relates the operator's arm movement outside a specific zone to a logarithmic gain 
functIOn, thus proVIding an extended 'reach' capability. This method generally applied to 
an immersive VR system. Bowman and Hodges (1997) evaluated this technique against a 
num1:ler of other candidate selection and manipulation technIques. They suggested that 
naturalness IS not always a component of a successful Interface. They found that the go-
go technique was considered natural in the virtual enVIronment, even though many 
people actually preferred other techniques. Bowman and Hodges do not prOVIde a 
comprehensive definition of "naturaIness", thus it is dIfficult to attribute any concrete 
conclusions to this observation. However, selecting the object with the go-go technique 
may certainly seem naturaI to the operator due to the high degree of kinaesthetic 
correspondence in the act. Unfortunately, once the selection has been made, the operator 
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IS faced With the prospect of manipulating the object at an unnatliral distance from the 
body. Thus, by solving one manipulation problem another is effectively created 
Bowman and Hodges (1997) stressed that the amount of physical work required by the 
interface is an important contributor to subjects' feelings of satisfaction They found that 
grabbing and marupulatlOn should both be considered separately for overall usability. 
They Would seem to suggest that in designing for 6DOF manipulation one must consider 
the task as a whole whenever deSigning the interface components 
Mine, Brooks, and Sequin (1997) suggested that working Within arm's reach takes 
advantage of proprioceptive information, provides a stronger mappmg with better 
kinaesthetic correspondence, the potential for stronger depth cues and provides finer 
angular precision of motion. 
They defined a system whereby the operator may reach for an object, and the world Will 
scale according to the distance from the operator's grasp the desired object is Once the 
manipulation is complete and the object has been released, the virtlia1 environment is 
retlirned to its initial scale. 
This section has reviewed the hteratlire relating to integrated 6DOF control in virtual 
environments. Numerous issues have been discussed in this section, ranging from the 
cognitive and perceptual factors in integrated coritrol, to a number of practical design 
guidelines gleaned from preVIous studies. The attentional demands of tracking in more 
than one dimension have been addressed in detail in chapter 3. Most perplexing for the 
deSigner is the fact that research has shown significaht cross-coupling between axes in 
tracking tasks However, from the literature, a variety of novel interaction paradigms 
have displayed acceptable performance in 6DOF manipulatIOn. DeSign for integrated 
object manipulation in 6DOF relies on a number of factors, namely: 
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1) IsomorphIsm. The literature constantly reiterates the value of isomorphic control. 
As was discussed in chapter 3 and later in this chapter, humans bwld motor 
programs for familiar tasks. Interfaces which recognIse this, will ineVItably be 
easier to learn 
2) ConsIstency. The relationships between control in the different axes benefits from 
a'urufied approach. Furthermore consistency must exist across the entire interface. 
Consistency may be achieved by providing a complete review of the required task 
domain prior to the interface design phase. 
3) Feedback. A number of researchers commented on the value ofpropnoception in 
6DOF manipulation Also, visual cues are VItally important in many object 
manipulation tasks, particularly cues to depth. 
4) UtilisatIOn of the small muscle groups. A number ofreseatchers have commented 
on the value of using the small muscle groups in providing precise object 
manipulation in virtual environments. 
5) Control Parameters. A number of researchers have noted that isometric 
controllers yield particularly poor performance in 6DOF manipulation tasks 
Successful studies have typically been based on elastiC or isotonic control. 
6) Space-multlplexed. Due to the highly integrated nature of the task domam, space-
multiplexed rather than time-multiplexed mterfaces are of value in object 
manipUlation in virtual environments. 
Integrated unimanual 6DOF object manipulation is still a relatively unproved area. This 
section has reviewed some ofthe work, which has Identified and addressed the problems 
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in this area. The following section wIll discuss bimanual control, paying particular 
attention to applications in HCr. 
7.2.3. Bimanual Control Interfaces 
In applying bimanual control theories to contemporary HCr, Mackenzie, Buxton and 
Sellen (1991) hypothesised that appropriately designed bImanual techniques should 
chunk better at the motor level than the associated unimanual interacTIon techniques. 
Therefore, appropriately designed bimanual control would relate better to the GMPs that 
have evolved in the operator through everyday action. The followmg cogmtlve 
advantages are attributed to bimanual control (Mackenzie, Buxton and Sellen, 1991): 
1. Reduce and extemahse the load of planmng/visualisation 10 unimanualmput. Because 
two-handed input allows the user to treat the task as a larger and more natural gestalt, the 
user no longer needs to plan the elemental steps of the task. 
2. Rapid feedback of manipulation results in a higher level of task· the user immediately 
sees the results of action in relatlon to the goal state. 
3. Suppbrt epistemic action· the user may take advantage of the two-handed input and 
perform actions of an epistemic nature in addItion to those of a pragmatic nature. 
They pointed out that the advantages of using the two handed technique are both physical 
and cognitlve. They suggested that the dIfferences between the unimanual and bImanual 
techmques would become more pronounced as more mental visualisation or planning is 
required. 
Sachs, Roberts and Stoops (1991) developed the 3-Draw system for the design of 
complex free-form shapes. In this system the user held a tracked palette in one hand that 
acted as a moveable reference frame In the modelling space. The other hand held a stylus 
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with which to draw two dimensional curves which were transported mto 3D space. Users 
reported that the two handed interaction facilitated kinaesthetic feedback which made 
them feel as though they were holding the objects displayed in the scene. 
Shaw and Green (1994) developed the TIIRED system, another two-handed control 
system for sketching free-form polygonal surfaces. In the TIIRED system each hand has 
a dlstmct role, the non-dominant hand setting the context and the dominant hand 
providing the manipulation. 
Mine's CHIMP interac1:J.on techniques use both hands (Mine, 1996). The assignment of 
roles for the hands is user configurable. The CHIMP system uses two separate 6DOF bats 
(one for each hand) CHIMP uses Action-at-a-dlstance for the remote selection and 
manipulation of objects in the virtual world In tills mode the users point a spotlight at the 
intended objects. The intersection With the object is highlighted by a semi-transparency 
effect which induces changes in contrast (Zhai, 1997) Two forms of interaction are 
offered once the object is selected. In hand-centred manipulation the objects are moved as 
if at the end of a long stick, whtle in object centred manipula1:J.on the objects are 
manipulated about their own co-ordmate system. 
Worlds In Minia1:J.tre (WIM), (Stoakley, Conway, & Pausch, 1995) is a bimanuallhterface 
which incorporates a 3 dimensional map-like representation of the virtual environment 
assigned to the non-dominant hand, and a direct manipulation function to the dominant 
hand Movmg an object on the model causes an associated movement m the virtual 
environment. The authors claim that WIM overcomes range and occlusion problems that 
would be associated with more isomorphic control paradigms. They describe three modes 
of operation Within the WIM: 
• Immediate. Changes are made to the environment as the user interacts with it in the 
WIM. 
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• Post-Facto. A discrete change is made to the WIM, winch is not replicated in the 
virtual environment until the manipulation has ceased. 
• Batch update. Several changes are made to the WIM before the VIrtual environment is 
updated. 
In developing the bimanual techniques associated with WIM, the authors designed a 
selection of props to assist the user in their Interaction The props comprised a clipboard 
for representing the enVIronment and a button-ball for the direct manipulation The 
clipboard acted as a rigid map surface, which provided a physical affordance for the user. 
To overcome the fatigue of holding the clipboard in a potentially strain inducmg position 
for periods of time, the authors implemented a clutching mechanism in the button-ball, 
which acted on the WIM in the non-dominant hand They reported that subjects found 
this a natliral and effective interface. It is interesting to note that the bimanual paradigm 
for the WIM interface is based on the bimanual frame of reference. If the clutching 
mechanism is employed, then the user's non-dominant hand may be at their side when the 
dominant hand is interacting with the WIM, which may be in front of them. This would 
seem to contradict the design solution proffered by the bimanual frame of reference. They 
report that subjects developed a technique of raismg the WIM to interact With it and then 
lowering it out of view to view the virtual environment. 
Mapes and Moshell (1995) defined a bimanual interface based on ChordGloves. They 
applied the technique to a CAD application. The ChordGloves have simple electrical 
contacts in the fingers and palms of the hand. The user can make single handed gestlires 
or cross handed gestlires. They assert that the spatial mapping between real and virtual 
environment must be I: 1 for this type of application as the proprioceptive component of 
the interface is fundamental to a sense of presence. They implemented an interface for 
object manipulation and viewpoint movement, based on the ChordGloves and Bier's 
Skitters and Jacks (Bier, 1986) They tested the system against similar 2D interface 
paradigms and found it to be much quicker in assembly tasks. 
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Compound Tasks 
WiIliam Buxton has explored the relative advantages of bimanual control in compound 
tasks through his work with chunking and phrasing dialogues. The following section 
reviews some of the studies related to bimanual control with compound tasks. 
Buxton and Myers conducted two experiments that evaluated the benefits of two handed 
control for compound tasks (Buxton and Myers, 1986). Their experunents comprised a 
position-scahng task and a naVIgation-selectton task. subjects' hands could either move in 
parallel or sequentially while performing either experimental task. 
The posItion-scaling experiment was designed such that the left hand scaled the object 
whtle the right hand positioned it. The results showed that the subjects all performed 
some of the task in parallel and the degree to which they performed it in parallel 
correlated with the performance. The fact that the subjects immediately performed these 
tasks In parallel Without any extra encouragement lead the authors to conclude that in this 
instance there was no extra cogrutive load applied to the user due to the two handed 
nature of the interacttons 
In the navigation-selectIOn experiment, the left hand navigated through the document 
while the right hand selected designated portions of text In this case only a little 
parallehsm was exhibited, however the two-handed technique was sttll significantly 
faster than the unimanual techmque. It was concluded that this was due to the fact that 
there was no switching required between scrolling and selecting in the two-handed 
technique 
Dillon, Edey and Tombaugh (1990) investigated performance in a compound task. They 
compared five interaction techniques for a task where the user would select from a menu 
and then draw a line elsewhere on the screen Of the tested techmques one was a standard 
Gm one-handed method where one cursor would be switching between menu selection 
-154-
and drawing to complete the task. They also Included two variations of a two cursor 
method which employed the use of both hands, one controlling a cursor over a menu for 
selection and the other for drawing (the menu size varied for two conditions) In this 
experiment a small but significant advantage of two-handed input was found over one-
handed input. 
, , 
Kabbash, Buxton and Sellen (1994) examined four techniques for performmg a 
compound drawing/colour selection task: a unimanual technique, a bimanual technique 
where different hands controlled independent subtasks, and two other bimanual 
techniques in which the action of the right hand depended on the action of the left hand. 
They referred to the latter case as asymmetrIc dependent. They described a coriformance 
between this technique and the techniques adopted for real-world tasks. 
A pertinent feature of this study, and a theme through Buxton's work is the fact that 
, 
advantages of bimanual control will only become evident in well-deSIgned interfaces. 
That IS, it is poSSIble to destroy the advantage of a two handed controller when the design 
assigns inappropriate actions to the two hands 
They reiterated that two handed interaction extends the naturalness of the traditional GUI 
because of the relationship between technlqu~s In thIS domain and those in the real world. 
They observe that this is well within the bounds of nOVIces' ability. However it improves 
the perforrttartce of novices and experts alike. 
They offer two potential advantages to two-handed interactJ.oh. 
1. The diVIsion oflabour across two hands means that each hand can remaIn m 
"home posItion" 
-155-
2. Assigning one subtask to each hand allows for the possibility of temporal overlap 
in the performance of the two subtasks, reducing the time to complete the task due to 
actions bemg carried out simultaneously. 
However, the danger in applying these approaches naively is that engaging both hands 
might mcrease the cognitive load of the task in terms of carrying out cognitive processes 
' ..... ~ 
such as morutoring, decision making and task co-ordination. 
Kabbash, Buxton and Sellen reported that a number of categones contribute to both 
cognitive and sensorimotor load 
1. Control. In a unimanual control the technique is time-multiplexed, in bimanual control 
the control is space-multiplexed. 
2. LImb to subtask Mappmg. Categorises whether the dominant or non-dominant hand 
performs the two primary tasks or the secondary task. 
3. Assemblage. This relates to Guiard's definition of the relationship between the motors 
in the kinematic chain. 
4. V,sual D,versIOn. This category quantifies a cost due to the degree of schIzovisia 
resultmg from each technique. Cost is assumed to be due to the need to reassimIlate the 
context. This cost is therefore cognitive. 
5. Motor COnd,tIOns This category captures the number of basic motor operations 
required by each technique 
According to the critena listed above, Bier's toolglass techruque was the most efficient It 
showed a significant increase in the percentage of total time used by the non-dominant 
hand. 
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Leganchuk, Zhai and Buxton (1997) suggest that cognitive benefits of bimanual control 
may be attnbuted to a reductIOn of the load of mentally composing and VIsualIsing the 
manipulations at a lower level than one would in the real world. Indeed, this was a 
prevailIng theme throughout chapter 4. 
They observe that cognitive skIll is related to the chunkIng of discrete motor routines and 
". 
suggest that, if chunking IS Important in terms of skill acquiSition, then an interface 
design rule could be that the deSign process should reinforce skill acquisition m this way. 
This section has reviewed some of the aspects of bimanual control winch are pertinent to 
6DOF object manipulation. The psychophysical research mto coordmated bimanual 
movements proVIdes valuable msights into the relationship between the dommant and 
non-dominant hands. Clearly in developmg bimanual control for 6DOF object 
manipulation tasks the deSigner must respect the fact that operators will tend to build 
competencies on a framework ofGMP's. The success of the interface will be in some 
respect dependent on the way it handles the temporal coupling between hands Although 
this may seem to be a function of the task domain, the composition of the interface is 
fundamentally Important to the partitioning of the subtasks. 
A number of researchers have applied bimanual control to contemporary HCI problems. 
Bimanual control has shown benefits in chunkIng aspects of the task to provide time 
multiplexed interactions. However, effective bimanual control relies on a sensible 
dlstnbution of tasks across the two hands 
7.3. Summary 
This section has descnbed the research associated with ununanual and bimanual control 
for object manipulation m virtual environments Clearly there are motor and cognitive 
benefits in using bimanual control for input, with the caveat that the design of the 
bimanual controller must be intelligently applied and the users' capabilities considered 
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Manipulation with a lumted degree of freedom deVIce means that invanably modalities 
have to be introduced TIns WIll tend to add cognitive load to the user and break up the 
marupulation. There are a variety of interaction devices and metaphors which enable 
6DOF control. These characteristics are described throughout the thesis. Clearly the 
impact of the different charactenstics will impact on a number of attnbutes of the 
inter~tion, whether that be the learnability, cognitive effort, or motor performance 
associated with the manipulation 
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Chapter 8: Object Manipulation 
Experiments 
8.1. Introduction 
TIns chapter builds on the expenmental work in chapter 6 Each of the rotation 
controllers are built into a 6DOF control mterface and compared 3 experiments are used 
to examine the effect on human perfonnance The raft of measures used in chapter 6 are 
augmented by a component analysis of tracking which provides a greater insight into the 
strategies employed by the subjects. 
The experiments in this chapter will illustrate the nature of the relationship between 
translation and rotation in a 6DOF task. It is hypothesised that although the tasks are 
accomplished fairly comfortably (after a training period) when undertaken in isolation, 
when they are combined they interfere with one another causing a degradation in 
perfonnance. 
Unimanual and bimanual controllers are developed and utilised m the following 
experiments This facilitates a broader investigation of the partItioning of subtasks and 
the associated strategies employed by the operators. 
8.2. Experiment4: Investigating Object Translation with 
the Dominant and Non Dominant Hand 
This section reports a study of tracking With the dominant and non-dommant hands 
Rather than merely a poor copy of the dominant hand, the non-dominant hand displays its 
oWll set of defining characteristics In the previous section Guiard (1988) and Hinkley 
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(1997) explaIn that the role of the non-dominant hand tends to be to set the frame of 
reference for the dominant hand This means that movement in the non-domInant hand is 
typically InIbated before that of the dominant hand. A n\lll1ber of researchers have noted 
that the non-dominant hand is particularly adept at ballistic movements (Todor and 
Doane, 1978; Flowers, 1975). Thus it faITs well over larger distances and when the 
demands on accuracy are not so stringent. 
Kabbash, MacKenzie and Buxton (1993) Implemented pointing and dragging tasks to 
elicit differences in behaviours between hands with a n\lll1ber of different devices. They 
found that preferred and non-preferred hands yielded the same speed, accuracy and 
bandwidth in pointing and dragging tasks. They found that for small distances and small 
targets, the preferred hand performed the best. However for large targets and larger 
distances both hands performed equally well. This would lead to the conclusion that the 
difference between the two hands may be charactensed in terms of fine positiOnIng They 
also found that deVices using small muscle groups produced smaller differences between 
hands than devices using large muscle groups. 
A n\lll1ber of studies summarised in Kabbash, MacKenzie, and Buxton (1993) indicate 
that as task difficulty increases then performance with the non-dominant hand will 
degrade faster than with the domInant hand (depending on the particular task employed) 
This experiment seeks to further examine h\lll1an performance in the domInant and non-
dominant hands with a tracking task The experiment forms the basis for a broader study 
of translation in 6DOF tasks. However, a n\lll1ber of hypotheses may be poSited at this 
level These are as follows, 
HI) The hterat11Te indicates that where the non-dominant hand performs ballistic 
movements relatively efficiently, performance is typically degraded in fine-
positioning tasks. Thus, it is hypothesised that the dOlninant hand will produce a 
lower overall RMSE than the non-dominant hand. 
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H2) Zhai, MIIgram and Rastog! (1997) and Massimino, Sheridan and Roseborough 
(1989) noted that perfonnance In x- and y-axes were slgmficantIy better tlIan 
perfonnance in tlIe Z-axiS. Thus, it IS hypotlIesised tlIat this reswt will be 
replicated across botlI hands equally in tlIe present study. 
ID) While it is hypotlIesised tlIat tlIe non-dominant hand WIU achieve lower RMSE 
scores than tlIe dominant hand, tlIe literature suggests that coordination is a 
cognitive rather than a motor actiVity. Thus, it is hypotlIesised tlIat regardless of a 
difference in RMSE, there should be no associated difference in coordinatIon 
between the two hands 
H4) As has been stated movement in the non-dominant hand is characterised in tenns 
of good comparative perfonnance in gross movements and degraded perfonnance 
in fine positioning It is hypotlIesised that this effect WIII manifest Itself In a 
component analysis of tracking. Where the gain values WIll show a relatively 
sluggish response in the non-domInant hand 
The following sections describe the design and implementation of the current experiment. 
8.2.1. Experimental Setup 
Experiment Platform, Task and DIsplay 
The study was carried out using a Silicon Graphics Maximum Impact™ workstation. All 
subjects used a Spacemouse™ as tlIe input controller. HalftlIe subjects used the 
controller in their dominant hand and half in tlIeir non-dominant hand. Subjects wore 
CrystaIEyes TM stereoscopic glasses, which enabled Viewing in 3D The display update 
rate was 120Hz (for stereoscopic viewing), while tlIe scene update rate was kept to 30Hz. 
The virtual enVironment IS depicted In figure 8.1. The environment is contained within a 
"room" for tlIe purpose of adding perspective and motion parallax cues for depth 
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An additIOnal cue to depth was the semi-transparent sphere surrounding the cursor object. 
The semi-transparent sphere is made into a "sIlk cursor" (Zhai, 1997). The front facing 
hemisphere is made more trarIsparent than the rear-facing hemisphere. Additionally, a 
blue tint is added to the back-facing hemisphere. As a result there is a perceptible change 
in contrast when the target moves from in front of the sphere to inside the sphere, to 
behind the sphere. 
The software was written in ANSI C using the Performer1M run-time libraries. The 
graphical models were developed in MIIitiGen Pro1M and imported into Performer1M at 
runtime. 
The track comprises a sum of 8 sine waves in each axIS The sine waves are presented in 
table 8.1 below 
Axis Constituent Frequencies 
X 0101 0225 0.361 0.471 0.561 0645 0733 0821 
Y 0.171 0.251 0373 0461 0.553 0.639 0.747 0.887 
Z 0.151 0.271 0.357 0.431 0537 0623 0.751 0.871 
Table 8.1. The constituent sine waves for the trackmg task. 
The sine waves are combiried according to the followmg formulae: 
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Z = l,=5sin(21t* fz[i] * t) I K 
Where X, Y, Z are the discrete translations in the X, Y and Z axes respectively, and f is 
the array contaimng the 5 frequencies illustrated m table 8.1, t IS the current time in 
seconds and K is a constant, which through plloting was set to 25 O. 
The target always starts in the 'zero' onentatlOn, matched with the cursor. Each time one 
of the cursor's rods mtersects the appropnate receptor on the target, the receptor IS 
highlIghted as in the docking expenment 
The subject tracks the target for 1 minute. The software records the movement of the 
target, the cursor and a time stamp 20 times a second The resulting database is stored to 
dISC on the completion of the trial. 
For each trial the RMS translation error (Zhai, Milgram, Rastogi, 1997) is calculated and 
dIsplayed to the subject. 
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Figure 8.1. The environment for object manipulation. Depth cues include stereopsis, 
perspective and motion parallax. The sphere is defined as a silk cursor, enabling more 
accurate depth cueing when the cursor approaches the target. 
8.2.2. Procedure 
Subjects 
20 male subjects between the ages of 18 and 25 were recruited for thi s experiment. All 
subjects were vi sion tested as in previous experiments, and filled in the handedness 
questionnaire. All 20 subjects were right handed with the required vision. 
Task 
Each subject performed 5 blocks of trials. Each block contained 4, I-minute trial s of 
tracking. At the end of each trial the software displayed the RMS translation error for that 
trial. Subjects were encouraged to try to achieve the lowest RMS error possible. 
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Between each block of trials subjects were able to practice with the controller and receive 
tutonng from the examiner. The experimental procedure is fonnalised below: 
1. Subject signs consent fonn 
2. Vision screemng test 
3. Handedness queshonnaire. 
4. Experimenter demonstrates the controller and experiment. 
5. Subject conducts the experiment. 
6. Post expenment discussion. 
The experiment lasted for around 1 hour, With 20 minutes actually spent tracking 
8.2.3. Results 
Tlus section presents the results from the trackmg experiment. Three sets of analyses are 
carned out on the data· 
• Comparison ofRMS Error. 
• Comparison of Co-ordination. 
• Component analysis of tracking 
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Each of the techniques IS described in Chapter 2. Techniques are compared and 
contrasted in the discussion sectIOn. 
Comparison of RA1S E"or 
An ANOVA WIth repeated measures with one between subject factor (dominant! non-
dominant hand) and two within subject factors (dimension (X, y,z) and experimental 
phase) was applied to the data Significant main effects were found in dimension (F(2,36) 
= 75758, p<0.001), and experimental phase (F(4,76) = 52636, p<0.001). Also a 
sigruficant interactIOn was observed ID dimension * experimental phase (F(8, 144) = 
49793, p< 0 001) The main effect of hand used was not significant at the p=O.05 level. 
However, when the individual error scores were calculated to give a single error score 
(see Zhai, MIigrarn, Rastogi, 1997 and Chapter 2 for a description ofthe measure), 
significance was achieved (F(2,36) = 99.598, p<0.001). 
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Figure 8.2. Comparison of mean RMS error scores with the donunant hand across the 
five learning phases 
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Figure 8.3. Comparison of mean RMS error scores With the non-dominant hand across 
the five learning phases. 
Hand Used Mean SD 
Dominant X=97.293 7.559 
Y=106.051 5.466 
Z=125.750 9.003 
Non Dominant X=103.340 6.344 
Y=115.985 6585 
Z=131.750 7656 
Table 8.2. Decomposed RMSE values in phase 5 ofthe translation trackmg experiment 
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Comparison of RMS Error Scores for Translation In Phase 5 
I 
Controller ·Axi. 
Error Bars show 95.0% a of MeM 
Figure 8.4. Summary of Mean RMS error using dominant and non-dominant hands in 
phase 5 of the experiment. 
Hand Used MeanRMSE Standard Deviation 
Dolninant 15483 2.568 
Non Dominant 169.207 3571 
Table 8.3. Mean RMSE across subjects for the translahon experiment. 
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Figure 8.5. Companson of complied RMS error scores in phase 5. 
Compartson of CoordinatIOn 
Coordination scores (see chapter 2) are Illustrated in figure 8.6. Although, from the 
diagram the dominant hand appears to be more coordinated, in fact the standard 
deviations of the coordination data in phase 5 suggest that there is very little significance 
to the difference between the two scores. 
Hand Used Mean Coordination Standard Deviation 
Dominant 0.374 0033 
Non Doniilulnt 0341 0051 
Table 8.4 Coordination in a tracIang task with dommant and non dominant hands. 
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Figure 8.6. Co-ordination of control in X, Y, and Z dimensions 
Component AnalysIs o/trackmg 
A component analysis of tracking performance was carried out in the final expenmental 
phase. As described in the preface to the experiment section, analysis was limited to gam 
m the transfer function and power across the operator's response. Transfer functions were 
denved for each of the axes of translation (X, Y Z) The resulting graphs are displayed in 
Al.l.! - Al.l.6 A sImplified component analysis of tracking was carried out on the data. 
The gain intercept and slope values were calculated for each subject on each trial in the 
final phase of the experiment. They were then each applied to an ANOVA with repeated 
measures with one between subject factor (DominantINon Dominant hand) and two 
within subject factors (intercept or slope, and dimension). 
Although the gain slope did not attain significance (p>O.5) across hand used, a significant 
main effect of dominant/non dommant hand was found for the gain intercept (F{l,18)= 
-170-
20601, p<0 001) in the Y(p<0.05) dimension. In both the dOmInant and the non-
dommant hand the transfer function in the X axis gave a response closer to I than the Y 
axis. This result tended to, but did not approach significance (p9l.0704). 
The gam component of the transfer function in the z-dimension m both the dominant and 
non-dominant hand displayed a sigmficant negative slope. These data illustrate how the 
subject responds progressively less well to the higher frequencies of the input As has 
been stated a number of times in this theSIS, the operator's perception in the z-dimension 
is considerably degraded when compared to perception in the image plane. This is true 
even with the use of shutter glasses and other environmental aids to depth perception. 
Thus the slope in the gain component of the z-dimension may be explained as a reaction 
to a general loss in information due to the perceptual difficulties associated with 
movement III depth. 
The power in the response spectrum was calculated across intervals of 0 5Hz (see tables 
8.5 and 8.6). The response above 1Hz indicates pure remnant as there was no input above 
this frequency (see table 8.1). An ANOVA with repeated measures was applied to the 
data III each dimensIOn, with one between subjects factor (dominant/non dominant hand), 
and one witlun subjects factor (portion of spectrum (0-0 5Hz, 0.5-1Hz, >IHz». 
Significant effects were found m all dimensions for portion of the spectrum analysed 
(F(2,36) = 15.711, p<O.05). 
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Dimension Gain intercept Gain slope Power in Response Spectrum 
(in dB) 
(in dB/decade) O-O.5Hz O.S-IHz >IHz 
. 
X " 0.902* 0.121* 77.561 79.764 63.967 
Y 0.866* 0.0175* 78124 78.136 60.761 
Z 0.973* -0.639* 89.269 77.745 57.666 
Table 8.5. Component analysis for trackmg with the dominant hand (* p<O.05) 
Dimension Gain intercept Gain slope Power in Response Spectrum 
(in dB) 
(in dB/decade) O-O.5Hz O.S-IHz >IHz 
X 0.922* -0./05* 78.762 76.208 58.629 
Y 0.719* O.IlO* 76.554 75.949 57.669 
Z 0.927* -0.617* 87313 76.039 52.177 
Table 8.6. Component analysis for tracking with the non-dominant hand. (* p<0.05). 
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8.2.4. Summary and Discussion 
The experiment compared 3DOF translation performance WIth the dominant and non-
r 
dominant hands. A range of measures was used in the examination of tracking 
performance. This section WIll relate the findings to the Initial hypotheses. 
HI) While the decomposed measures ofRMSE failed to reach significance an 
integrated measure Illustrated a statistically significant superionty in performance 
with the donunant hand. 
H2) Performance with both controllers did improve across the 5 learning phases A 
, ' 
further corroboration of the results reported by Zhai, MilgranI and RastogI (1997) 
is the relative improvement of trackmg In the Y -dimension WIth respect to the X-
and Z- dimensions. Zhru (1995) explained this phenomenon by discussing the 
relative runounts of attention attributed to the different dimensions of control He 
suggested that initially the operator will focus attention on movement in the X-
dimension as huma~s are more familiar with movement in a lateral plane. As the 
operator's performance Improves, he finds he can apportion progressively more 
attention to the Y-axis while maintaining his performance in the X-dimension 
Thus, performance in the Y -dimension improves across the leruning phases. 
H3) The dominant hand did show sigI1S of superior coordination However, the 
standard deviation associated with the mean scores suggested that this may be due 
to individual differences. The coordmation score is based on a measure of 
simultaneous time on target (STOT), which does not meet the requirements for 
parametric significance testing (see chapter 2). 
H4) While the slope of the gain regressIOn line did not achieve significance between 
subjects, the intercept value illustrated an improved performance with the 
dominant hand. Indeed, in both hands, the response in the y-axis related a smaller 
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intercept. Wlckens (1976) associates a smaller gain intercept, with sluggish 
behaviour. This said, the difference between mean intercepts was very small. 
One of the major issues in this task, as in experimentJ is the task load imposed on the 
subject. A criticism of the approach might be that the task itself was quite easy. Although 
the performance scores were clearly not saturated In any of the controllers (Evidence for 
this is presented in terms of the learning curves) some dIfferences may have been 
accentuated had the task been somewhat more difficult. However, the integration of the 
tasks in expenment 6 requires that the same task difficulty be attributed to rotation and 
translation as was Implemented in the component experiments (3 and 4). In order that a 
balance in performance is achieved across experiments a series of pilot studIes were 
carried out across the entire framework of the study, resulting in the relative task 
dlfficultJes of experinIents 3 and 4. 
In conclusion, thiS expenment has s~own a surpriSIng similarity in the tracking 
performance data for controllers placed in the dominant and non-dominant hands. The 
similarity may In part be due to the fact that the spacemouse utilises the small muscle 
groups, which Kabbash, MacKenzie and Buxton (1993) found to proVide less difference 
in performance across hands than the larger muscle groups associated with other 
controllers. Many of the differences in controller performance in different hands are 
attnbutable to the temporal/spatial relationshIp between the dominant and non-dotninant 
hands, thus experiments which utJlise both hands simultaneously may ellicit more 
differences in performance The following experinIents implement controllers that exploit 
the natural link between the two hands in thIs way 
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8.3. Comparing Bimanual and Integrated Control in a 
Matching Task. 
This sectIOn investigates integrated and bimanual control techniques for object placement 
tasks. Three interfaces for 6DOF object manipulation are developed from the component 
interfaces used in the previous expenments. The interfaces are descnbed below. 
Spacemouse 
The spacemouse is implemented as a fully iIitegrated controller in the dominant hand. 
Translation and rotation are controlled by the same interface component. 
Spacemouse + 3DR (S+ 3DR) 
The spacemouse provides 3DOF translation control in the non-dominant hand, while the 
3DR provides a semi-integrated rotation controller in the dominant hand. Section 4.2.3 
discussed the relationship between the two hands m bimanual actions. The bimanual 
frame of reference (Hinkley, 1997) posits that the non-dominant hand sets the frame of 
reference fot the movements of the dominant hand. In thiS instance the characteristics of 
the 3DR dictate the assignment of functionality to the dominant and non-dommant hands. 
The fine precision movements of the mouse are associated with the movement of the 
pointer on the sphere encasing the object that IS being manipulated. These types of 
movements are associated most strongly with the dominant hand. Also the translation of 
the sphere could be descnbed as setting the frame of reference for the rotation task 
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Spacemouse + 3DRA (S+3DRA) 
As in the S+ 3DR controller the spacemouse provides 3DOF translatIon control in the 
non-dominant hand, whIle the 3DRA controller provides semi-integrated rotation control 
in the dominant hand. 
- The three interfaces proVIde different levels of integrated control for 6DOF manipulatIOn. 
The spacemouse provides a fully integrated controller, whereas the S+ 3DR distributes 
control across the dominant and non-dominant hands. The S+ 3DRA controller IS 
included to examine whether the momentImi related functionality has an Impact on 
performance andlor user strategies when the controller is a component of a larger 
interface. 
The expenment compares performance with the three different controllers in a docking 
experiment The docking experiment is implemented as in experiments 1 and 2. A 
pseudo-random translatIOn component is added, which requires the subjects to both 
translate and rotate the target object The hypotheses are listed below. 
HI) The time taken to complete the task will increase across controllers and rotation 
efficiency will decrease when compared to experiment 2. However, the S+ 3DR 
controller will faCilitate shorter completion times and be more efficient In both 
simple and complex tasks, than the other two controllers. This is predicted due to 
the support for precise positioning inherent in the 3DR controller. Additionally 
the spacemouse controller may suffer from cross-coupling effects (Massimino, 
Sheridan and Roseborough, 1989). 
H2) The bimanual controllers will achieve better efficiency than the spacemouse in 
their movements if the subjects find they can perform the translation and rotation 
tasks In parallel. Tills prediction is related to the cross-coupling described In 
chapter 2 and Massimino, Sheridan and Roseborough (1989). 
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ID) The compleXIty of the rotation tasks WIll have a dIrect bearing on the completion 
times ofthe two bimanual controllers, but will not effect the spacemouse 
controller. This prediction relates to the results in experiment 2, which showed 
how time on task remained constant with the spacemouse controller across the 
simple and complex tasks, but increased WIth the 3DR and 3DRA controllers 
according to task difficulty 
H4) The differences in control will be more prevalent in rotatIOn than in translatIOn. 
This prediction relates to the findings in expenments 2 and 4. The rotation 
controllers show significant differences in performance where the assignment of 
object translation to the dominant or non-dominant hands has not shown 
remarkable differences in performance. Thus, it may be concluded that the major 
dIfference in the performance across 6DOF manipulation controllers should be 
driven by the differences in rotation control. The contrary argument would 
suggest that the interactIOn between control components is a factor m the change 
in relative performance. 
The following sections descnbe the design, implementaTIon and analysis of the 
experiment. 
8.3.1. Experimental Setup 
The experimental setup for this experiment was essentially the same as the previous 
experiments. As WIth experiment 2 a clock was proVided in the top left hand corner of the 
screen (see figure 8.7) In recognising that the task was hkely to take longer in this 
experiment, a smgle rotation of the hand was completed in 50 seconds rather than 20 
seconds. This value was decided upon from pilotmg No subject in the main experiment 
took beyond 50 seconds to complete a match. 
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The same psuedo-random rotations were used for thi s experiment as were used for 
experiments I and 2. Additionally, a random position was associated with each rotation. 
The positions were all at a di stance of 50 units from the initial target position. 
Figure 8.7. The matching task environment. Note the clock in the corner. The hand 
makes a 360 degree rotation every 50 seconds. 
8.3.2. Procedure 
27 male subjects aged between 18 and 25 were recrui ted for the experiment. All subjects 
were confirmed as ri ght handed (Olfield Inventory, 197 1). Subjects were assigned at 
random to I of 3 conditions. Conditions were: 
* S+3DR. 
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* S+3DRA. 
* Spacemouse 
A short traimng session preceded the expenment for each subject in which the 
experimenter demonstrated the appropriate interface and the matching task This was then 
followed by a brief familIarisation session in which under supervIsion of the 
experimenter the subjects famIliarised themselves with the interface. This was conducted 
m a controller only enviromnent 3 blocks of matching tasks followed the practice 
session The matchmg tasks were split between 6 rotatIOns around an arbitrary axis and 
associated translations, and 6 rotations around two or three axes with associated 
translations. This made a total of 12 rotations per trial. The order of presentation of the 
target was randomised WIth the caveat that the simple rotations would always appear first. 
The subject was allowed five minutes between each. Each subject completed 3 different 
blocks of trials. 
Formal Experimental Procedure 
Each experimental conditIOn comprised the follOWIng process: 
• Subject signs consent fonn 
• VlSIon screening test (10-15minutes) 
• Handedness questionnaire (5mlnutes). 
• Experimenter demonstrates controller and experiment (5 minutes) 
• Subject conducts the experiment (40 minutes, see below) 
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• Post expenment discussion (5 minutes) 
The entIre experiment lasted just over an hour for each subject. The practical component 
of the experiment was splIt into 6 learning phases interspersed with practice periods, 
(Zhai, 1994). The practice penods compnsed further demonstration and tutoring by the 
experimenter and practise by the subject. Each practice period lasted between 2 and 5 
minutes. 
When the subject had completed all six trials an informal diSCUSSIOn allowed the subject 
to make any further comments about any aspect of the experiment. 
8.3.3. Results 
As with experiment 2, measures of time on task and efficiency were made across simple 
and complex matching tasks according to the type of rotation (see experiment2). These 
measures were split between translatIon and rotation. This section will therefore address 
each task separately. . 
SImple RotatIOn 
A one way ANOV A was applIed to the scores in the final learrung phase, WIth one 
between subjects factor (type of controller). A significant mam effect of controller type 
was found (F(2,48)=79.77l, p<O 001» Pairwise contrast comparisons mdicated that the 
S+3DR controller was superior to the S+3DRA controller (F=28 323, p<O.05) which, in 
turn, achieved better performance than the spacemouse controller (F=121.686, p<0.001). 
The results display a considerable increase in mean time to complete from experiment 2 
(up to 500%). Interestingly the subjects were encouraged to try to do both rotation and 
translation at the same time. This was an activity they seemed to find easier in the latter 
stages of the experiment Additionally subjects encountered certain perceptual Issues 
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which were not prevalent in experiment 2. Firstly, the appearance of the markers was not 
available as an aid to rotatIOn until the cursor had been moved to within touching range of 
the target On one hand this meant that the markers became aids to translation and 
orientation. However, on the other hand, this meant that subjects were encouraged to 
produce very coarse rotatIOns initially and then engage in fine posItioning when the 
cursor came within range of the target. This would seem to follow Ware's observations 
(Ware, 1990) This is probably a perceptually based strategy, rather than something 
which relates to the operator's ability to control the cursor. 
Controller Mean (Seconds) Standard Deviation 
S+3DR 7.0166 1.798 
S+3DRA 9453 1.022 
Spacemouse 12.1 1.596 
Table 8.7. Comparison of performance m the Simple matchmg task. 
Comparison of performance In the Simple Matching Task 
Error BEn show 95D% a of MeM 
Bars show MeInS 
\ 
Controller 
Figure 8.8. Comparison of performance in the simple matching task. 
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The same pattern ofperfonnance is Illustrated 10 the efficiency scores in figure 8.9. A 
one way ANOV A was applied to the data With one between subjects factor (controller). 
A significant main effect was found for controller type (F(2,48) = 20.405, p<0 001) The 
post hoc tests confinned that S+ 3DR was more efficient than S+ 3DRA (F=8.335, 
, 
p<0 05) which in turn was more effic ient than the Spacemouse (F=ll 68, p<0.01). 
Inefficiency in rotation was less pron ounced than in translation (figure 8.10). However 
ne way ANOVA was applied to the data. A 
controller type (F(2,48)=5.991, p<0.05). The post 
here was no significant difference between the two 
more efficient than the spacemouse (S+ 3DR vs 
the same ~ttern emerged. Again, a 0 
sigmficant main effect was found for 
hoc compansons showed that wlule t 
bimanual techmques, they were both 
Spacemouse, F=9.937, p<0 05) 
It is important to note that by comp aring inefficiency and time to complete scores with 
early degraded when coupled With a translatIon experiment 2, rotation efficiency is cl 
task. It is possible that this is due to the perceptual issues alluded to earlier ID this section. 
f an increase in cognitive load due to the addition of However, it may also be indicative 0 
the translation task. 
Controller Mea n % inefficiency Standard Deviation 
S+3DR 38414 3069 
S+3DRA 87787 71.002 
Spacemouse 161.8 72.136 
Table S.S Mean % translation ine fficiency in simple matching task. 
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Comparison of mean translation Inemclency In a simple matching task 
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Figure 8.9. Companson of mean translation inefficiency In a SImple matching task. 
Controller Mean % inefficiency Standard Deviation 
S+3DR 31532 10.324 
S+3DRA 44.821 16.243 
Spacemouse 63.146 31.063 
Table 8.9. Mean % rotation inefficIency in SImple matching task. 
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Comparison of mean rotation Inefficiency In a simple matching task 
Error Bars show 95.0% a of Me8n 
Controller 
Figure 8.10. Companson of mean rotatIOn mefficiency in a simple matclnngtask. 
Complex RotatIOn 
A one way ANOV A was applied to the responses in the final learning phase, with one 
between subjects factor ( controller type). There was no significant difference in time 
taken to complete across the controllers (p>O 2). 
However, when the two expetimental tasks (simple/complex) were compared, a 
significant difference was found between complex and simple tasks for the two bimannal 
controllers (S+3DR, p<0 001, and S+3DRA, p<O 001), but there was no difference m the 
case of the unimanual spacemouse controller (p> 1.0). This agrees with the effect found in 
experiment2. 
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Controller MeanRMSE Standard Deviation 
S+3DR 8633 1.418 
S+3DRA 10093 1.593 
, Spacemouse 9584 2.629 
Table 8.10. Mean RMSE across controllers ID the complex matching task. 
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Comparison of perfonnance In the Complex Matching Task 
Error Bars show 95.D% a 01 Mean 
S+3DR S+3DRA 
Controller 
Figure 8.11. Comparison of performance in the complex matching task. 
When comparing measures of efficiency in the complex matching task, no significant 
difference in translation performance was observed across controllers (p>O 7) However, 
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a significant difference was observed in rotation (F(2,48) =6 781, p<0 005) The two 
bimanual techniques proved more efficient In rotation than the spacemouse (S+3DR 
versus Spacemouse, p<O.07, S+3DRA versus Spacemouse, p<O.05). This IS further 
corroborated when a comparison of efficiency across simple and complex tasks was 
carried out. Here the measure of Inefficiency more than doubled (S+ 3DR was almost 
quadrupled) across controllers (F(2,48) =125.735, p<0 001) Although the difficulty of 
the translation task had not Increased, the efficiency of the performance had degraded 
significantly. 
Controller Mean % inefficiency Standard Deviation 
S+3DR 188.201 185670 
S+3DRA 241.034 169.765 
Spacemouse 295.985 200.901 
Table 8.11. Mean translatIOn inefficiency across subjects in the complex Juatching task. 
Comparison of mean translation Inefficiency In a complex matching task 
amr---------------------, 
Error Bets show 951)% Cl 01 Mean 
S+3DR S +3DRA 
Comrollar 
Figure 8.12. Comparison of mean translation inefficiency in a complex matching task 
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Controller Mean % inefficiency Standard Deviation 
S+3DR 53.550 13 492 
S+3DRA 61.956 14.937 
Spacemouse 83691 42123 
Table 8.12. Mean rotatIOn inefficiency across controllers in the complex matclung task. 
Comparison ofmean rotation Inefficiency In a complex matching task 
&Tor Bars show 95.0% a of Meal 
Controller 
Figure 8.13 Comparison of mean rotatIOn Inefficiency in a complex matclung task 
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8.3.4. Summary and Discussion 
This expenment examined unimanual and bimanual techniques for object manipulation in 
a docking task. A variety of measures were used to investigate operator behaviour with 
these controllers. A response to the hypotheses expressed at the beginning of the section 
is given below 
HI) Perfonnance was degraded from experiment 2 to experiment 5, both in tenns of 
time on task and in measures of efficiency. This effect illustrates an overhead in 
combining the translation and rotation tasks which IS slgmficant across all the 
controllers The S+ 3DR controller dld perfonn better than the other controllers in 
the simple matching task, supporting the concept of a greater inherent preciSion 
However, as in experiment 2 both bimanual techniques achieved only degraded 
perfonnance, whereas the spacemouse retained a consistent task perfonnance. 
Again, efficiency m translation and rotation was greatly reduced as m 
experiment2. The bimanual techniques tended to suffer a greater degradation of 
translation efficiency than the spacemouse in the transition from simple to 
complex rotatlons. As in expenment 2 It IS likely that the degradatIOn m 
perfonnance is due to declutched movement of the po1Oter on the sphere. It would 
also appear that this movement IS 10terfering with the perfonnance of the non-
dominant hand. 
H2) The S+ 3DR controller did eliCit more efficient manipulations than the other 
controllers across simple and complex tasks This may be due to the ecological 
nature of the interface, or the fact that the 3DR tends to elicit more efficient 
perfonnance in rotation tasks. It is difficult to provide any further clarity m the 
context of this expenment. 
ID) As stated above, the bimanual controllers do achieve a perfonnance which is 
related to the complexity of the rotation task, whereas the spacemouse is 
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unaffected by the increase In complexity. Here is another example of the 
charactenstlcs of one component of the interface effectIng the hIgher level task 
performance. 
H4) Major dIfferences In rotation efficiency were observed, as expected, across tasks 
(simple/complex) and across controllers. The relative performance of each of the 
controllers with respect to the other controllers, is of similar form to that observed 
in experiment2. However, significant differences in translation efficiency were 
also observed across controllers and across tasks (simple/complex). This is 
particularly interestmg as the translation task remains constant across both tasks 
and experiment 4 concluded that both hands should exhibit relatively similar 
performance characteristics. This effect may be due to one or a combination of 
two reasons Either the addition of a secondary task wIll effect performance in the 
dommant and non-dominant hands dIfferently, or the performance in the 
translation component of the task is somehow related to the performance in the 
rotation component. 
The findings above allude to a complex relationshIp between movement in translation 
and movement in rotation. It is clear that by combining the tasks a processing overhead is 
introduced, which effects both task components It is also clear that performance 
degradation m the rotation component of control leaks into the translation component. 
This cannot be mlmmised by separating the task across the dominant and non-dommant 
hands in the context of thIs experiment 
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8.4. Comparing bimanual and integrated unimanual 
control in a 6DOF tracking task 
This experiment examines 6DOF object manipulation WIth integrated and non-integrated 
controllers in a temporally demanding task. A number of researchers have reported 6DOF 
trackmg tasks (Zhai, 1994, Zhai, Milgram and RastogI, 1997, Massimino, Sheridan and 
Roseborough, 1989) Most experiments have relied on a single performance measure 
(usually RMSE). In an attempt to provide breadth to the diSCUSSIOn, this experiment 
utilises a small number of measures to examine performance. The implementation of the 
experiment mirrors the design of experiments 3 and 4 in terms of task demand. In this 
r 
way comparisons can be made between performance in the context of this 6DOF 
manipulation task and the 3DOF tasks described in experiments 3 and 4. 
Naively, one might assume that because the component frequencies of the translatIOn and 
rotation tracks respectively, remain constant in this tracking task, and that other 
enviroiunental factors remaIn as simIlar as poSSible WItlun the extent of the task, then 
performance in the rotation and translation domain should remain simIlar to the relative 
performances in the component experiments However, on examination of the lIterature 
in chapters 3 and 5, and the experimental evidence in the previous experiment, a more 
complex picture is emerging. Clearly the component tasks effect each other in some way 
as to degrade performance in both components of the control interface hi the previous 
experiment the rotation component clearly influenced the translation component, 
regardless of the interface used. Having identified the presence of these effects, this 
expenment sets out to explore them further. Through a mIX of error and coordination 
scores, and a stylIsed component analYSIS of trackmg, an insight into the nature of the 
interference will be gleaned 
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Due to the relatively high level of the mterface designs, it may be difficult to explam all 
the results with concrete rationales Thus, at appropnate points a set of "theory options" is 
discussed. The following is a set of hypotheses examined within the context of the 
experiment 
HI) RMSE WIll increase in rotation and translation when compared to the component 
experiments. An operator's capacity for attention is Innited in such a way that 
researchers have shown perfonnance degradation in dual task scenarios even in 
relatively simple motor tasks (see Wickens, 1976, Wickens and Gopher, 1977, 
Fracker and Wickens, 1989) In 6DOF the relatIOnships between the control 
components is even more complex. In bimanual control this chapter has Illustrated 
the depth of the spatial and temporal relationships between the two hands. Indeed, 
it was hypothesised in experiment4 that the distmction m perfonnance between 
dominant and non-dominant hands ruay come to the fore III integrated tasks. 
H2) In experiment 3 the 3DR controller achieved the best perfonnance in the tracking 
task. It was hypothesised at that point that this superiority in perfonnance may not 
stand an increase in task stress. It is hypothesised that the spacemouse WIll 
provide a more coordinated response and a better RMSE score in translation and 
rotation than the S+ 3DR controller. 
ID) It is hypothesised that the S+ 3DRA controller WIll Impose less of a motor and 
attentionalload on the subject than the S+ 3DR controller and therefore facilItate 
proportionally better tracking perfonnance both in translation and in rotation 
H4) It is expected that the gain response across all controllers will be degraded when 
compared to the results in expenment4 Thus translatIOn should be more sluggIsh 
in this experiment 
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The following sections describe the design, implementation and analysis of the 6DOF 
tracking experiment. 
8.4.1. Experimental Setup 
Experzment Platform, Task and Display 
The study was carried out using a Silicon Graphics Maximum ImpactlM workstation. All 
subjects used a SpacemouselM as the input controller. Half the subjects used the 
controller in their dominant hand and half In their non-dominant hand. Subjects wore 
CrystalEyes lM stereoscopic glasses, which enabled viewing in 3D. The display update 
rate was 120Hz (for stereoscopic VIewing), while the scene update rate was kept to 30Hz. 
The virtual environment is depicted in figure 8 2. The environment is contained within a 
, 
"room" to add perspective and motIOn parallax cues for depth 
The translatIOn and rotation components of the track are defined separately In section 
4 6.1 and 4.3.1. 
Subjects 
30 male subjects between the ages of 18 and 25 were recrwted for this experiment. None 
of the subjects had taken part in any of the other experiments reported in this thesis. All 
the subjects were screened for acceptable vision, and handedness. All the subjects 
displayed acceptable vision and were right handed according to the Edinburgh Inventory 
(Oldfield, 1971). 
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8.4.2. Procedure 
Each subject performed 5 blocks of trials. Each block contained 4, 1 minute tnals of 
traclong. At the end of each tnal the software displayed the RMS error for that tnal in 
translation and rotation. Subjects were encouraged to affect the lowest RMS error 
possible. 
Between'each block of trials subjects were able to practice with the controller and receive 
tutonng from the examiner. The expenmental procedure is formalised below: 
1. Subject signs consent form 
2. Vision screerung test. 
3. Handedness questionnaire. 
4. Expenmenter demonstrates the controller and expenment. 
5. Subject conducts the expenment. 
6. Post experiment discussion. 
As with the docking experiment this experiment lasted for around 1 hour, with 20 
mmutes actually spent traclong. 
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8.4.3. Results 
Tracking scores were analysed for 3 (controllers) x 10 (subjects) x 5 (phases) x 4(trials 
per phase) = 600 tnals This section presents the results of this analysis As with the 
previous experiments a logarithmic transformation was performed on the data to meet the 
resIdual distnbution requirements for the analysis of variance 
The following analYSIS of the data is primanly split into translation and rotation. Each 
analysis is split into an investigatIOn Into RMS error scores, measures of coordination, 
and for the translation a component analysis is also descnbed 
AnalysIs o/translatlOn 
An analysis of vanance With repeated measures was performed on the RMS error data in 
X, Y and Z, with one between subjects factor ( controller type) and two Within subjects 
factors (dimension and learning phase). As was expected, significant main effects of 
dimension (F(2,54)=84.754, p<O 001) and learning phase (F(4, 1 08)= 107.977, p<0 001) 
were found. Controller type was found not to be significant (F(1,27)=2.114, p>0.1). As 
in the similar study presented by Zhai, Milgram and Rastogi (1997) and previous results 
in experiment4, a SIgnificant Interaction was found between dImension and learning 
phase (F=5.213, p<0.05). 
The same relative performance In dimenSIon was found as In exPeriment 4, (X versus Y, 
p<0 01; Yversus Z, p<0 001) This relationship was explained in the analysis ofthe 
results in experiment 4 and in Zhai, Milgram and Rastogi (1997). The relationship 
between X, Y, and Z dimensions IS illnstrated in figures 8.14 to 8 16. 
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Figure 8.14. Mean RMSE in translation over 6 phases oflearning for Spacemouse + 
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Figure 8.15. Mean RMSE in translatIOn over 6 phases of learning for Spacemouse + 
3DRA 
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Figure 8.16. Mean RMSE in translation over 6 phases ofIearning for Spacemouse 
An integrated measure of performance yielded statistically sigmficant differences 
(F=12.491, p<O.OOI). The 3DRA performed slightly better than the other manipulatIOn 
controllers (p<O.OI). 
-196-
i 
Controller Mean RMS Error Standard Deviation 
S+3DR 28417 15.863 
S+3DRA 273.242 12.309 
Spacemouse 284.922 9.809 
Table 8.13 RMSE translation scores for phase 5 of experunent 6. 
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Figure 8.17. Comparison of integrated RMSE scores for translatIOn m phase 5 of 
expenment6 
Figure 8.18 depicts the co-ordinatIon scores for the three controllers. As can be seen in 
the graph, the S+ 3DR controller shows a more co-ordinated response than the S+ 3DRA 
and spacemouse controllers in phase 5. As in the preVIOUS expenments co-ordmation did 
not vary significantly for any of the controllers over the 5 phases of learning 
-197-
'- Controller Mean Coordination Standard Deviation 
S+3DR 0147 0011 
S+3DRA 0.113 0.007 
Spacemouse 0.109 0.005 
Table 8.14. Mean translation coordination across subjects in experiment6. 
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Figure 8.18. Coordination in translation in a tracking run. 
Tables 8 15 to 8.17 illustrate the component tracking performance for translation (* 
depicts significance at the .05 level). As in experiment4, a severely downward slope 
represents the gain in the z-dimension. The slope In this experiment proved to be 
SIgnificantly steeper than the slope In the z-axis in experiment4. 
Two ANOV As with repeated measures were conducted on a between subjects factor of 
controller type and 3 within subject factors (i e. either intercept or slope, dImenSIOn 
(x,y,z), and power spectrum). A significant main effect of slope was found across 
controllers (F(2,54)=119.125, p<0 DOl). A closer Inspection reveals thatthe spacemouse 
exhibits the shallowest slopes. So much so infact, that from the relative figures in 
appendix AI.6. it is noteworthy to point out that the spacemouse does not degrade its 
response progressively across frequencies whereas the S+ 3DR and S+ 3DRA show 
significant degradation. This effect is mirrored in the power in the input spectra. 
Additionally, the gain intercept in all the controllers was significantly less in this 
expenmentthan inexperiment4 (F(3, 81)=131.109, p<0 001). 
Dimension Gain intercept Gain Slope Power in Input Spectrum 
(in dB) (in dB/decade) 0-0.5Hz O.S-IHz >IHz 
X 0626* -0.233* 79.647 66.849 49.580 
Y 0.761* -0.467* 83.777 68.171 50.757 
Z 1.392* -1.586* 99.360 67.550 46425 
Table 8.15. Component analYSIS of tracking using the spacemouse + 3DR (* p<0.05) 
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Dimension Gain intercept Gain slope Power in Input Spectrum 
(in dB) (in dB/decade) 0-0.5Hz O.S-lHz >lHz 
X 0.573* -0.191* 77.148 67.977 53.794 
Y 0.531* -0.141* 80.948 • 67.001 51.254 
Z 1.185* -1.325* 94.446 63781 45.802 
Table 8.16. Component analysis of tracking with the spacemouse + 3DRA (* p<0.05) 
Dimension Gain intercept Gain slope Power in Inpnt Spectrum 
(In dB) (in dB/decade) 0-0.5Hz O.S-lHz >lHz 
X 0.527* 0.046* 82092 71.921 55046 
Y 0.456* 0.022* 81574 72.130 52.886 
Z 1.225* -1.179* 97589 75.734 50.812 
Table 8.17. Component analySIS of tracking With the Spacemouse. (* p<0.05) 
AnalYSIS a/RotatIOn 
This section reports the rotation analysis. Two types of analysis were performed on the 
data. 
1. Error measures. RMS error was calculated for the entire track, and decomposed into 
contributions in X, Y, z. 
2. Measures of co-ordination in translation 
An analysis of variance With repeated measures with one between subjects factor 
(controller) and two within subjects factors (decomposed rotation (R.x, Ry, Rz) and 
experimental phase) was applied to the RMSE data. The main effects of dimension and 
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phase were both significant (dimension, F(2,54) = 81.127, p<0.001 and experimental 
phase, F(4,108) = 105.434, p<O.OOI). Also a significant interaction between phase and 
dimensIOn was noted (F(8, 216) = 25 234, p<0 001). The main effect of controller type 
was found to be significant (F(2,54) = 22.117, p<O.OOI). Pairwise contrast comparisons 
revealed that the 3DR performed significantly better than the spacemouse and the 3DRA 
(3DR versus spacemouse, F = 55.373, p<O.OOI, 3DR versus 3DRA, F = 93.762, 
p<O 001). 
With each of the controllers, rotation around the Z-ax\S was consistently worse than 
around the other axes (p<O 001). Errors around the Z axis were generally smaller than 
errors around the Y axis, although with training these errors became insignificant. 
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Figure 8.19. Mean rotabon RMS error over 5 phases oflearning. 
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Figure 8.20. Mean rotation RMSE across rotatIon axes and controllers in phase 5 of 
experiment 6. 
Controller MeanRMSE Standard Deviation 
S+3DR 54.391 2.739 
S+3DRA 58.723 5391 
Spacemouse 62.275 4.921 
Table 8.18. Mean Rotation error scores across subjects in phase 5 of experiment 6. 
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Figure 8.21. Mean Rotation RMSE across subjects in phase 5. 
Controller Mean Coordination Standard Deviation 
S+3DR 0.104 0009 
S+3DRA 0053 0.004 
Spacemouse 0051 0.007 
Table 8.19. Mean Coordination of Rotation in phase 5 of experiment 6. 
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Figure 8.22. Co-ordination in rotation a trackIng run. 
The coordination measures suggest that each of the controllers has degraded performance 
(around 50%) when compared to experiment3. When compared across conditions in this 
experiment, as in experiment3, The S+3DR is shown to be significantly more coordinated 
than the other two controllers. 
8.5. Discussion and Summary 
The experiment reported in this sectIon examined 6DOF control in a trackIng task with 
integrated and non-integrated controllers From this experiment a number of observations 
were made regardmg performance with each of the controllers. These observatIOns are 
related back to the hypotheses that were posited at the beginning of the section. 
HI) RMSE increased substantially in both rotatIon and translation. Also coordination 
dropped considerably. Interestingly this effect correlates with a decrease in power 
in the Iugh frequencies of the power spectra for each controller, and a decrease m 
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the gain intercept, winch mdicates sluggish behaviour. Clearly attention is divided 
between tasks 
H2) The 3DR controller retained its supenonty over the spacemouse in terms of 
performance in rotation RMSE and coordination scores. The relative performance 
in translation was the same as in experiment4, with both controllers degraded by 
effectively the same amount Intererstingly, the S+ 3DR controller appeared to be 
better coordinated in this experiment Thus it may be concluded that in the context 
of these measures, even under dual task stress the S+3DR out performs the 
spacemouse. 
H3) The S+3DRA controller did achieve a better translation RMSE score than the 
S+ 3DR controller. This was small but statistically significant. However, the 
S+ 3DR controller was more coordinated in translation and rotation and achieved 
better rotation performance. From observation of the subjects and mformal 
discussion after the trials, it was concluded that subjects found the rotation task 
more demanding than the translation task, but achievable with the S+ 3DR 
controller They asSigned a substantial amount of attention to this task 
cousequentIy and potentially therefore the translation performance may have 
suffered. Subjects using the S+ 3DRA controller found the rotation task extremely 
difficult and attended more as a result to the translation task, thus aclneving a 
better score than the S+ 3DR controller. 
H4) An interesting effect was noted when examining the component analysis of 
tracking As well as a general reduction in amplitude across all controllers (which 
Wickens, 1976, cites as evidence of divided attention), in the bimanual controllers 
the gain respouse develops a significant negative slope. This indicates a loss of 
information in the higher frequencies, where the operator is only partially 
responding to the track. However, with the spacemouse controller a consistent 
(degraded) amphtude IS mamtained at all the input frequencies. Thus, It is 
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concluded that there is no information loss associated with the integrated 
spacemouse controller. This provides a clue as to the cause of the loss of 
informatIon In the bImanual controllers. It is suggested that the operator may 
focus, at least to some extent, on the position ofthe pointer which is attached to 
the 3DR sphere. The movement of the pointer is characterised by high frequency 
activity. Thus, it is hypothesised that the movement of the pointer on the sphere 
may interfere WIth the perception of the higher frequency components of the 
track 
This experiment has examined some of the characteristics of a 6DOF tracking task, 
relating the findmgs back to previous component experiments. A general drop in 
performance was observed in both translation and rotation. The drop in performance was 
explained by a lack of coordmation In the controller, an overall drop in gain (i e. a 
propensity to undershoot the track) and a loss of informatIOn in the higher frequencies in 
the bimanual controllers 
8.6. Summary 
This chapter reported 3 experiments which examined 6DOF control In vutual 
enviromnents The first experiment compared tracking performance in the dominant and 
non-dominant hands Results suggested that performance of the non-dominant hand was 
comparable to performance WIth the dominant hand, within the context of this task. 
The second experiment compared an integrated unimanual controller WIth two bimanual 
controllers based on the 3DR and 3DRA controllers descnbed in the preface top the 
experiment section. A processing overhead in the combination of the two control tasks 
was observed in all the controllers. Both bimanual controllers suffered the drop in 
performance as the compleXIty of the rotation task mcreased. The implication of this 
finding is that, in Integrated control hmitations in performance of one component may 
characterise the response of the whole Interface. It was suggested that the movement of 
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the pointer when declutched, necessitated Iugh frequency movements in the dominant 
hand which had an effect on the temporal structure of the movement in the non-dominant 
hand. This effect caused the efficiency of the translation controller to be degraded 
considerably in the complex matching task. 
,. The third experiment compared the set of three controllers in a 6DOF tracking task. 
Performance was signifcantly degraded in translation and rotation when compared to the 
related component experiments Subjects were sttll able to achieve better performance 
with the 3DR than with the other controllers in this experiment The difficulty of the 
rotatIOn task dictated how much attentIOn was attributed to it However, in tins case, most 
subjects tended to focus attention on the easier task if the hard task became "too hard". A 
component analysis of tracking reported less power in the higher frequencies of the 
response across controllers, and an overall drop in gain, which was indicative of divided 
attention. A pattern of information loss in the Iugher frequencies of the task was noted in 
the bimanual controllers. This was not noted in the unimanual controller, where gain was 
constant as in the component task. 
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9.1. Introduction 
Chapter 9 : Travel in Virtual 
Environments 
This chapter will discuss travel WIthin the virtual environment. From the previous 
chapters it has been shown that in object manipulation it is essential that control 
dynamics are apportioned appropriately within the context of the task domain. This is 
true also of viewpoint manipulation This chapter will examine the different aspects to 
travel in virtua1 environments and propose a study based on one aspect of that control. 
Travel In virtual environments has not been the focus of a great deal of innovation or user 
testing (BOWInan, Koller and Hodges, 1997, Zhai, Kandogan, Smith and Selker, 1999). 
However, it is certainly an intricate and valuable component of a virtual environment 
interface. This chapter WIll address some of the issues in general user movement control 
from a broader range of lIterature, including teleoperation, automobiles, and aerospace 
research. 
In order to provide a structure for the ensuing discussion a framework for travel in virtual 
enVIronments is borrowed from BOWInan, Koller and Hodges (1997). They present a 
categonsation of techniques for first person motion control or travel through immersive 
virtual environments. Their evaluation framework is based on a simple taxonomy of 
virtual travel techniques (see figure 9.1). 
They distinguish between how the user would steer the duection of travel 
(DirectionlTarget selection), how the user would express speed and/or acceleration 
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(Velocity! Acceleration selection) and how the user would specify the beginning time, 
duration and end tune of the travel motIOn (Input conditions) Each of the control Issues 
• represents a design decision. The second level of the tree illustrates potential solutions. 
Directionlfarget 
VelocIty/Acceleration 
Input Conditions 
Gaze-directed steering 
Pointmglgesture steering (includmg props) 
Discrete selectIOn 
2DpoIDting 
L Lists (e g, Menus) 
EnvironmentaVdirect 
targets (objects ID the 
virtual world 
Constant velocity/acceleration 
Gesture-based (includmg props) 
ExpliCIt selection L Discrete (\ of N) 
COntlDUOUS range 
UserlEnvironment scalmg 
AutomatIc/adaptive 
Constant traveVno input 
Continuous IDPUt 
Start and Stop inputs 
Automatic start or stop 
Figure 9.1. Taxonomy of virtual travel techniques (Bowman, Koller and Hodges, 1997) 
They observed that an effectIve travel technique promotes: 
1. Speed (appropnate velOCIty) 
2. Accuracy (poximity to the desired target) 
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3. Spatial awareness (the user's implicit knowledge of his position and onentatlon 
Wlthm the environment dunng and after travel) 
4. Ease oflearrung (the ability ofa novice user to use the technique) 
5. Ease of use (the complexity or cognitive load of the technique from the user's 
point of view) 
6. Information gathering (the user's ability to actively obtain information from the 
environment during travel) 
7. Presence (the user's sense of Immersion or "being within" the virtJ.la1 
environment) 
This study, as is the case in the previous experimental work m this thesIs, WlU focus on 
the mechanical components of travel (i.e., speed, accuracy, ease oflearning and ease of 
use). This study is oriented in the broader context of the work sun!ffiarised by Bowman. 
KoUer and Hodges, by a bnef review of literature pertaining to travel and a further review 
of the literature relating to travel in VlrtJ.la1 environments 
9.2 Travel 
This section discusses some of the more prevalent issues in travel in a predominantly 
real-world context. Warren (1976) examines the perception of egomotlOn. Egomotion is 
defined as any active or passive enviromrtentai displacement of the observer The term 
egomotion emphasises the fundamentally personal nature of the fact, detection and 
experience of one's own displacement. 
Johnston, White and Cun!ffiing, 1973, found that an optIcal flow pattern can induce a 
compeUmg experience of egomotion. Warren reports that egomotion and heading even 
when looking to the side. Therefore the target point of the motion IS not necessarily a cue 
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to egomotlOn In tests observers were able to indicate heading accurately even if the 
target of motion ~s not in view (i e., they were looking to the side). 
Wickens (1986) POSitS that depth perception is key to egomotlOn in a virtJ.ial enviromnent. 
Indeed, one of the major problems associated with travel is the subjective estimation of 
relative size. Eberts and MacMillan (1985) descnbed a study which examined the number 
of rear-end collisions into smaller than average cars due to drivers of the offending 
vehicles assuming that the smaller cars were infact further away. 
Gregory (1977) has pointed out that perceptual ambiguities of size and distance are 
particularly likely to occur when a three dimensional scene is represented on a two 
dimensional screen. So it is very important that the representation of the virtual 
enviromnent maps onto the user's mental modal of the enviromnent. 
A key application area for travel is the teleoperatIon ofIand vehicles McGovern (1993) 
reviews two different ways of viewing the world through a camera on a teleoperated 
vehicle. He descnbes an egocentric view of the enVlromnent or through a view of the 
vehicle itself. McGovern (1993) carried out a number of experiments to try to decipher 
the "best" dnving display. From their studies they observed that a sufficiently wide field 
of view is required for comfortable manoeuvring He refers also to negatrve obstacles 
such as ditches and drop offs which are very dIfficult to see on flat screens. Finally he 
observed instances of over-control in novices, who found the ensuing mauipulation 
extremely stressful. 
This section has reviewed some of the Issues in travel and the remote control of vehicles. 
Clearly a well defined enviromnent is crucial to an accurate perception of movement. 
Depth perception aids in spatial awareness, which is key to navigation and obstacle 
avoidance. 
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9.3. Control of Travel in Virtual Environments 
, 
This section descnbes a number of techniques found in the literature which effect travel 
in a virtual environment. Allied with this is a discussion of evaluation techniques for 
assessing the usability of different interfaces 
Card, Mackinlay and Robertson (1990) describe an innovative technique for moving 
through a virtual workspace. The idea is to provide rapid controlled movement. They 
distinguIsh between four types of viewpoint movement for interactive 3D workspaces. 
• General Movement. Exploratory movement such as walking through a simulation 
of an architectural design. 
• Targeted movement. Movement with respect to a specific target, such as movmg 
in to examine a detaIl of an engineering model. 
• Specific co-ordinate movement. Movement to a precIse position and onentation, 
such as to a speCific viewmg poSItion relative to a molecule or a CAD solid 
model. 
• SpeCIfic trajectory movement. Movement along a posItIon and orientatIon 
trajectory, such as a cinematograpinc camera movement. 
• 
They point out that general exploratory movement may proceed at a relatively uniform 
speed, and it may not be necessary to approach very close to objects. 
1) Inefficient interactIOns and movement trajectones typically caused by 2D 
interfaces. Essentially this is modality switching because of the lack ofDOFs in a 
2D interface. 
-212-
2) Limits on human reach and precision when the technique is based on directly 
positioning the viewpoint. 
3) DdlicuIties controlling high velocities when the techmque is based on flYing or 
steering the viewpoint through the workspace. 
Constraints In view selection specifically for virtual reality have been used for example 
by Robinett and Holloway (1992) to go beyond the usual "flying" modality and by 
Billinghurst and Savage (1996) Hanson and Wenert (1997) descnbe a further method 
for providing constrained movement with 2D controllers. They describe a "lost in space" 
feeling associated With many high degree offreedom controllers. Their fundamental 
notion is that, rather than controlling an unconstrained vehicle in 3D space, the 2D 
control device is actua11y moving the user on a constrained subspace .. 
Ware and Osbome (1990) compared VIrtual camera control in virtual three dimensIOnal 
environments They used structured interview sessions to elicit infonnation regarding 
subjective impressions of their experiences with three different environments The three 
metaphors are eyeball in hand, scene in hand and flying vehicle control. 
• Eyeball in hand involves using the Polhemus as a virtual video camera. A clutching 
mechanism was added to prevent strain. 
• Scene in hand involves moving the scene around 
• Flymg vehicle control Involves the bat used as a control device for a virtual vehicle. 
Three environments were described. An environment comprising three objects placed on 
a regular grid. Each had an area of detail placed on one of its sides 
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The maze environment consists of a T shaped hallway. The three areas of detail are 
placed at different locations on the inside walls From the user's starting position the 
entrance to the hallway appears as the centre square in a checkerboard pattern. The cube 
environment contains a single cube with details on three ofits faces. Each of the 
metaphors could be used Within twenty mmutes by users with little or no expenence with 
computer systems or three dimensional graphics. 
Ware and Slipp (1991) used velocity control to navigate 3D graphical environments 
They based their discussion on fishtank environments, where the observer feels he is on 
the outside looking in through the wmdow of the monitor screen (Ware and Jessome, 
1988), as opposed to the immersion environments where the observer feels they are part 
ofthe environment. Ware and Slipp suggest the following interface requirements for a 
good interface to 3D exploration: 
I) An input device (or devices) which allows for the slffiultaneous manipulation of 
as many viewing parameters as can be intuitively and simultaneously controlled. 
2) An mtultive mappmg from deVice manipulations to Viewpoint changes. 
3) The ability to operate at different resolutIOns. It should be poSSible to get close to 
a detail as well as move fast over large distances 
Their evaluation was based on semi-structured interview techniques and objective data 
collection They presented the subjects with 2 different tasks Task I involved a semi 
structured interview With free scene exploration of connected balls scene. The scene 
consisted of a set of six spheres connected by rectangular tubes, arranged over a 
checkerboard plane. Unique details are presented at each of the poles of the spheres. The 
subject's task was to I) determine the overall layout of the scene and 2) find each of the 
details and 3) navigate through the interior of the tubes. While perfonmng these tasks 
with each of the three interfaces the subjects were asked fixed sets of questions 
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concerning how easy they were to carry out and then were asked to rank the devices 
according to a number of criteria, such as degree of control obtained, the smoothness of 
motion and the pleasure in use. 
The bat was found to be the most fluid and natural of the controllers. It was the only 
device for which the users were able to combine simultaneous translations and rotations 
effectively in a fluid motion path. Some users complained of arm fatigue after prolonged 
use. The spaceball was not judged easy to use. Subjects reported that forces were difficult 
to control and they were only able to effectively control one dimension of motion at a 
time. 
The second task involved subjects attempting to naVIgate through an object consistIng of . 
a tube with a square cross section which performed a random walk in space while 
changing sIze in a recursIve manner. Each segment was proportIOnally smaller than the 
last. The purpose of this was to test the degree of control at various resolutions by 
examining how far subjects could progress through the tube without touchIng the SIdes 
and by measuring their velocities (relative to the local scale of the graphical environment 
with different devices). 
They found that subjects maintained a constant velocity relative to their immediate 
surroundings. This emphasised the subjects' reliance on their visual representation of the 
physical surroundings for theIr behaviour. On average the Bat traversal times were 
quicker than the spacebal1. The mouse control gave similar times to ~e bat. For a given 
device the speed of traversal of a scene segment was constant whatever the scale. 
Zhai, Kandogan, Smith and Selker (1999) reported that in most 6DOF interfaces different 
dimensions of control are integrated. Although Zhai carmot corroborate this claim in 
terms of cross coupling (see McKinnon and King, 1989) They suggest that naVIgation is 
primarily a 2DOF manipulation, with movement occurring mainly around the y-axis and 
on the z-plane. 
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They develop the bulldozer interface which is based on a dual joystick configuration. The 
interface is bimanual While navigating in:m virtual worlds, the two joysticks were 
operated in an extended flyable bulldozer metaphor. Four degrees of freedom were made 
available to the user (z-,y-,z-, translation and y-rotation). 
In piloting the implementation Zhai found that it would be sensible to separate turning 
and moving forward This was achieved by introducing a dead space into the transfer 
function. They observed that moving forward should be the most sensitive and yaw 
motion the least sensitive, compared to the other degrees of freedom 
The bulldozer interface was tested agamst a mouse based navigation interface. The 
bulldozer was shown to improve performance across a range of navigation tasks. They 
suggest that the problem with using an isotonic device for rate control IS that the user had 
to perform reasonably time-consuming clutching and de-clutching. 
McKemIa (1992) examined interactive viewpoint control ahd three-dimensional 
operations He decomposed movement into movement of the eyes, movement of the head 
and whole body movement. He described relative cues to depth, some of which are 
implicit with head movements, such as motion parallax. He compared a desktop system 
and a visually coupled system and found that subjects preferred the headmounted display. 
He suggests that objects displayed on the HMD are convincing 3D not because they look 
3D but because they are easy to explore because they are 3D. 
/ 
Allport, Zlmmerman, Paradiso, Smith and GershenFeld, (1996) describe the flying fish 
mechanism. This mechanism measures the distances of one or two hands from the four 
corners of a computer screen. These measures are converted to a measure of the amount 
of displacement in three dimensions from a virtual centre, which lies approximately half-
way between the user and the morutor on an axIS running through the middle of the 
screen. The flying fish implements isotonic rate control, with a control gain that is varied 
by the foot pedal. 
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This section has examined a variety of techniques for travel in a virtual enVIronments. 
Clearly virtual travel can be implemented to support a plethora of activities in a virtual 
environment The study descnbed in the next section regards principally exploratory 
movement in a sparse environment 
9.4. Investigating Virtual Travel 
The studies discussed in the preVIOUS section have largely comprised self-paced tasks. 
These are good f'or qualitative measures of behaviour but do not offer quantitative data on 
which models of perfonnance can be based. As has been discussed In the previous 
chapters in this thesis, a mixed approach will yield the most significant data Indeed Ware 
and Osbome (1990) cnticise empirical techniques which do not YIeld enough data. The 
study described in this section is based on a tracking task in a 3D unconstrained 
environment. The enduring questions in this thesis are addressed in tenns of how do users 
integrate components of' control based on the control metaphors offered to them. 
9.4.1. Experimental Setup 
Three interfaces are compared in this study. 
• The Proximity controller. This interface uses a combination of the 2D mouse to 
provide direction of gaze and initiation and discontinuation of movement and the 
cursor keys on a keyboard to set the +/- velocity value. 
• The Spacemouse Controller. This interface comprises a spacemouse which 
provides rotation around local y and x axes, thus defining gaze and velocity 
control by pushing the controller forward to increase speed or pulling the 
controller back to decrease speed. The neutral position always yields zero 
velOCity. 
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• The Extended Spacemouse Controller. This interface comprises a spacemouse 
which provides the same functionality as the proximity controller with the added 
functionality of slide functions in X and Yaxes. 
The proximity controll er functionally separates direction of gaze/initiation of movement 
and velocity, whereas bthe spacemouse controller provides an integrated control for these 
functions . The extended spacemouse controller adds potential functionality in terms of 
the slide options. It is expected that the cognitive load asserted by the extra functionality 
in this controller will negate the potential control advantage. 
The following section formally describes the tracking task. 
The cursor is drawn on a plane infront of the viewpoint but does not have to be part of the 
scene graph. 
Figure 9.2. Following the target in the travel tracking task. 
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Figure 9.3. Illustrating the path traced out by the target. 
Target Tracking 
The task resembles a pilot being guided through the sky by a three-dimensional flight 
path display (see Wickens, 1986). The path composition algorithm is described in figure 
9.4. The target traverses the path with a sinusoidally varying acceleration. 
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If the operator loses the target it is imperative that it is captured again quickly. Therefore 
the computer system senses when the target is out of the user's field of view. If this 
occurs then an aid is invoked. A pointer in the centre of the user' s field of view appears 
and points in the direction of the target using a simple ' look-at' function. The user may 
then rotate the di splay accordingly to retrieve the target. The pointer is semi-transparent 
so as to minimise the amount of visual clutter. 
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Figure 9.4 Bezier curves describing the construction of the pseudo random target path. 
The diagram illustrates the positioning of the control points for each of the curves. Each 
curve segment has 4 control points (Foley, Van Damn, Feiner and Hughes, 1984). The 
first curve segment is defined by the control points ABCD which form a "convex hull ". A 
is the start point of the curve segment and is given an arbitrary gradient. D is the endpoint 
of the ABCD curve segment and is positioned a random di stance and orientation from A. 
B is displaced from A along A's gradient by a scalar value which is proportional to the 
di stance between A and D. D forms the start point of the DEFG curve segment and is 
thus given an arbitrary gradient which defines C and E, which are displaced by an amount 
proportional to the di stance between D and G. And so on. 
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Follow marker 
lJ~er 
Target 
Figure 9.5. Representation ofthe target following task. 
The passage of the target from point A to point B must be described as in the above 
diagram. However, it is important to retain control of the speed of the target based on the 
sinusoidally varying acceleration parameter. This is achieved by breaking up the path, 
from A to B into smaller segments oflength 80, where D is the length of the arc AB. 
At time t the target may be situated at point A. In order that we may establi sh a direction 
of movement, we need to know where on the arc the target will be at the next time step 
due to its current speed. the linear distance x, is established through the equation 
x = ut + 112 at2 
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where u is the initial velocity, t is the size of the last time step and a is the acceleration at 
time t. 
In the object manipulatIon tasks descnbed in the previous expenments, the subject could 
rate their perfonnance based on how accurately the vertices of the target and the cursor 
were aligned. In the target following task there is no cursor object to match with the 
target Additionally, WIth the target varyIng m speed It IS Important for the subject not 
only to align themselves with the target, but to maintain the required distance at all times. 
It would seem more 'natural' to add an environmental feature to aid the tracking process. 
Thus, it was felt appropriate that the target should leave a trail which would aid the 
subject in tenns of deciphenng the line that the target was taking and the distance of the 
target from the subject. The trail is represented by a number of equally spaced hoops 
emanatmg from the target as it moves. The subjects must constantly align themselves 
with the fifth hoop in order to track correctly. The trail is implemented by positioning a 
hoop every 25 units. The trail is effectively 'moved' through the environment by cycling 
through the trail of hoops, taking the last hoop and placing it at the current position and 
orientatIOn of the target. 
9.4.2. Experimental Procedure 
Subjects 
A between subjects design was employed for tlus experiment. 30 male subjects, between 
the ages of 18 and 30 were recruited All subjects were screened for acceptable vision, 
and handedness. All 30 subjects were right handed. The subjects were split into 3 groups, 
where each group was assigned a particular controller. 
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Each subject perfonned 5 blocks of trials. Each block contained 4, 1 minute tnals of 
tracking. At the end of each trial the software displayed the RMS error for that tnal. 
Subjects were encouraged to affect the lowest RMS error possible. 
Between each block of trials subjects were able to practice with the controller and receive 
tutoring from the examiner. The experimental procedure is fonnalised below: 
1 Subject signs consent fonn 
2. Vision screening test. 
3. Handedness questionnaire. 
4. Experimenter demonstrates the controller and experiment. 
5. Subject conducts the expenment. 
6. Post experiment discussion. 
As with the other experiments this experiment lasted for around 1 hour, with 20 minutes 
actually spent tracking. 
9.4.3. Results 
The results were analysed in tenns ofRMS error. Figure 9.6. below shows a typical track 
with the spacemouse. 
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Figure 9.6. Typical tracking performance with the spacemouse controller. Samples are 
made at 20Hz over a period of I minute. 
The data from the 5 phases of the experiment were applied to an ANOVA with repeated 
measures with one between subjects factor (controller type) and two within subjects 
facto rs (phase and dimension). A significant main effect of controller type was observed 
(F(2,54) = 6.071 , p<0.005). Post hoc tests confirmed that the proximjty controller 
yielded the best performance (proximity versus spacemouse, p<0.05, proximity versus 
augmented spacemouse, p < 0.001), and that the augmented spacemouse was associated 
with the poorest performance (spacemouse versus augmented spacemouse, p< 0.01). 
A significant main effect of experimental phase was observed across controll ers 
(F(4, 1 08) = 5.771, p< 0.005). However, the main effect of dimension was not significant 
(p=0.953) 
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Figure 9.7. Companson ofRMSE across 5 phases ofleaming in the travel trackmg task. 
Dimension Proximity Augmented Spacemouse 
Spacemouse 
X Mean= 30.304 Mean= 48.297 Mean=46758 
Stdev= 2.739 Stdev= 9 512 Stdev= 8.475 
y Mean=31465 Mean= 53.932 Mean=40064 
Stdev= 3.716 Stdev= 14.607 Stdev=5274 
Z Mean= 35.026 Mean= 52.192 Mean= 47.375 
Stdev=5457 Stdev=5683 Stdev= 2.919 
Table 9.1. Component RMSE values across controllers in phase 5 of the travel tracking 
task. 
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Figure 9.S. Mean RMSE in x-,y- and z-axes across controllers in the travel tracking task. 
Controller Mean Standard Deviation 
Proximity 56.036 6.691 
Augmented 90.286 9.364 
Spacemouse 
Spacemouse 78.054 5.714 
Table 9.2. Integrated RMSE scores across controllers in phase 5 of the travel tracking 
experiment. 
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Figure 9.9. Mean integrated RMSE across controllers In phase 5 of the travel tracking 
task. 
This section has descnbed the design, Implementation and analysis of a task for 
examimng virtual travel. Three different controllers were compared. Results indicated 
that the proximity controller achieved the best performance. Ifvelocity control was added 
to the spacemouse controller then performance was degraded It is hypothesised that this 
is due to interference between the velocity control component and the direction control 
components This hypothesis was further substantiated by the still worse performance 
when a slide function IS added to the spacemouse. Here again interference caused 
performance to deteriorate. 
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9.5. Summary 
This chapter has provIded an InSIght into the issues surrounding travel in virtual 
envIronments. A review of the pertinent literature revealed predominantly visual factors 
in the perception of egomotion. The effectIveness of travel in a number of situations was 
related to vision based cntena. SimIlar themes were found in the analysis of travel in 
virtual environments. 
The techniques for measurmg the quality of interfaces for travel were quite similar across 
different studies Tasks generally Involved moving along a corridor, or moving relative to 
a stationary position in space. Measures of performance tended to range from simple 
time-on-task to unstructured questioning. 
A novel tracking task was designed and implemented for this study. The rationale for the 
design of the task was that the performance of the user was based predomInantly on the 
operator's coupling with the control device rather than the spatlal characteristics of the 
environment or the task itself In this way it is hoped that the tracking task is more 
generahsable than some of the other related tasks 
Three controllers were compared using the tracking task A learnIng effect was observed 
across the 5 phases of the experiment for each of the controllers. Phase 5 performance 
analysIs suggested that there IS a lunlt to the amount of functionality which ShOltld be 
integrated into a single controller. Furthermore, the ensuing deterioration In performance 
may be related to the similarity of the intruSive functIOns to the primary functions. 
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Chapter 10 : Conclusions and Future 
Work 
10.1. Introduction 
This chapter summarises and draws together conclusions from the studies presented in 
the thesis The summary is presented chapter by chapter, pointing to limitations of the 
work where appropriate. The conclusious addresses the issues made pertinent in each of 
the experimental chapters. The chapter concludes with an explicit statement of the 
contnbutions of the thesis, followed by a number of suggestions for future work in the 
area 
10.2. Summary 
This section provides a brief summary of the thesis 
Chapter 1 provided an introduction to the work area showing that there is a link between 
cogmtive, perceptual and motor components of manual tasks in VIrtual enVIronments. In 
order to study this area effectively then a combination of factors must be addressed. 
Chapter 2 reviewed contemporary literature relating to the analysis of motor control. A 
vanety of tasks and measures were reported 
Chapter3 reviewed contemporary literature relatmg to human operators conducting 
manual control tasks. It considered single and multiple axes and unimanual and bimanual 
control. Operators seem to adopt control strategies to cope WIth different task demands in 
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motor control. These strategIes help to illustrate the nature of the relationship between the 
task and the control interface. 
Chapter 4 bUIlt on the literature in chapter 2 and 3 to develop the structure of the task 
domain for the ensumg experiments. 
Chapter 5 reVIewed contemporary literature relating to the analysIs of rotatIOn control 
and the development of rotation controllers for virtual environments. A new controller 
was developed for mapping 2DOF mouse rotation onto 3DOF object rotation. This 
control built on a popular mouse based interface. 
Chapter 6 reported a series of rotation experiments winch analysed user performance III 
matclnng and tracking tasks. A number of measures were unlised across a vanety of 
controllers. Certain effects seemed to transcend the choice of controller and were related 
more to the type of task. 
Experiment 1. 
In line With previous studies there was a significant difference between simple and 
complex rotations. It was difficult to isolate an explanation for this effect, but three 
possible explanations were offered 
1. If the user cannot decipher the rotation in 1 simple step then they will make small 
exploratory mampulations Maybe thiS is also related to an understanding of the 
metaphor. 
2. Complex rotations require a ratcheting motion to complete them. 
3. There may Will be more cross-coupling as a result of more difficult rotatIOns. 
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The 3DR was regarded as the best controller as it was the most consistent metaphor. 
Control feel was reported to be an important feature. 
Experiment 2. 
The differences In performance across simple and complex controllers was not slgruficant 
in the spacemouse but was in the 3DR and augmented 3DR controllers. The efficiency of 
the manipulation decreased similarly in both cases. There was no sigruficant difference 
between performance in 2 and 3 axes. This was reported as a repeated declutching of the 
cursor to find a new grab point. Thus it may be concluded that where the performance 
measure gives an overall idea of the effect, other measures help to narrow down the 
reason for the change in performance. 
The experimental paradIgm in experiment 2 showed an improvement over the traditional 
experimental paradigm Using the spacemouse subjects reported more Instances of cross 
coupling than the 3DR and 3DRA. 
Experiment 3. 
The 3DR controller provided Significantly lower RMSE than spacemouse and 3DRA 
controllers. This was down to the zero order aspect of the controller. Many subjects 
reported that the 3DR required a high degree of concentration. 
Performance in the Z-axis was superior to the X or Y axes. It was concluded that this was 
because of the shape of the target. Subjects were unable to improve on the performance 
of the 3DR with the 3DRA. Co-ordination did not vary across the learning period. 
However the 3DR achieved better coordination than the other controllers. 
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Chapter 7 reviewed contemporary literature into unimanual and bimanual control and the 
associated controllers developed for virtual reality environments. 
Chapter 8 reported a series of object manipulation experiments. 
Experiment 4 
WIule decomposed measures of performance did not differ significantly a combined 
measure showed improvement in the dominant hand. 
The dominant hand did shows signs of improved coordination. 
Experiment 5 
Performance was degraded across all the controllers from experiment 2 both in terms of 
time on task and in terms of efficiency. The S+ 3DR controller did perform better in the 
simple matclnng tasks However, in the complex matching task S+ 3DR and S+ 3DRA 
performances were degraded wlnle spacemouse was the same as m the simple rotation. 
Again, as In experiment 2 efficiency was greatly reduced from simple rotation to complex 
rotation 
The bimanual techniques tended to suffer a greater degradation of translation than the 
spacemouse If the subject makes an exploratory movement that mcurs an error then the 
spacemouse wIll tend to solve the problem as a whole whereas the bimanual controllers 
wJ!1 tend to solve two separate problems. Also it was noted that the movement of the 
dominant hand may be interfering With the movement of the non-dominant hand 
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The S+ 3DR controller did perform better than the other controllers across simple and 
complex rotatIons. The translation efficiency degraded from simple to complex rotations. 
This shows the influence of the difficult rotation task on the simpler translation task 
Experiment 6 
RMSE increased substantially in both rotatIOn and translation. Coordination dropped 
considerably. This seems to follow a decrease in power in the higher frequencies of the 
power spectra for each controller and a decrease in gain intercept. 
The 3DR performed better than the spacemouse in rotation RMSE and coordination 
scores. The relative performance in translatIon was the same as In experiment 4, with 
both controllers degraded by effectively the same amount. However, the S+ 3DR 
controller appeared better coordinated 
The S+ 3DRA achieved a better translation RMSE performance than the S+ 3DR, but the 
S+ 3DR controller was more coordinated in translation and rotation and achieved better 
, 
rotation performance. Subjects seemed to be selectively apportiomng attentIon to the 
translation or rotatIOn components. The subjects appeared to respond to their relative 
performances in the dimensions and apportion more effort to translation in the S+ 3DRA 
controller. 
There was a general reduction in amphtude across all controllers. In the bimanual 
controllers the gain response developed a sigmficant negative slope. This indicates a loss 
in information In the higher frequencies It may also indicate a fast acquisition strategy in 
the controllers, where the user IS matching to only some of the frequencies of the track 
This can be associated with the temporal nature of the bimanual relationship between the 
two hands 
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Chapter 9 reviewed literature in the development of travel techniques in virtual 
environments and reported an experiment which employed a novel tracking task. 
Experiment 7 
The travel task successfully illustrated that a target travelling task is appropriate for 
distinguishing between controllers. 
Learning effects were noted. Although the dimensional effects associated with traditional 
object manipulation task were not present. 
The sliding option in the travel controller seemed to cause interference With the 
performance in the other features of the controller a degree of cross coupling was 
observed Therefore it might be concluded that the structure of the interface should 
predict the control structure of the task. 
10.3. Conclusions 
This section combines the major conclusIOns of the studies conducted in tins thesIs and 
draws out some broader Issues and conclUsions about human motor control 
10.3.1. The Task Structure 
Matching and tracking tasks provide a more complete picture of the performance with a 
variety of controllers. The successive combmation of interfaces allowed a deeper analysis 
of performance With the tasks 
Dividing between simple and complex rotatIOns proved profitable in analysmg rotation 
control performance 
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10.3.2. The Measures 
The thesis reported a vanety of measures. This in itself proved vital in developing a clear 
picture of the strategies adopted by sUbjects. RMSE was not enough on its own to 
descnbe perfonnance with specific controllers. Rather a vanety of measures were 
required to build up a more complete pIcture of perfonnance in the context of the 
interface. 
The frequency analysis measures worked with the coordinatIon measures to explain the 
changes in RMSE perfonnance in the tracking task. This combined with the measures 
made in the matching tasks gave a very dIfferent picture of perfonnance than the RMSE 
measures. 
10.3.3. Rotation Control 
Subjects' perfonnance with the rotation controllers proved that zero order control over 
first order control can overcome some of the issues associated with other limitations of 
the controllers. In the case of the 3DR the controller allowed movement in only 2 axes at 
a time, wh~reas the spacemouse allowed movement in 3 axes. Perfonnance was better 
with the 3DR because of the more direct link with the cursor movement. The degradation 
in perfonnance between simple and complex tasks fed the conclusIOn that the difficulty 
of the metaphor became apparent as the compleXIty of the task was Increased. 
Selecting the grab point on the 3DR and 3DRA controllers proved to be an Issue in 
complex rotation The spacemouse controller suffered the same efficiency problems as 
the other controllers but tins did not inlnblt ItS RMSE perfonnance. 
Providing feedback of surface to surface collisions in the rotation control experiments 
improved perfonnance in the matchIng task. Clearly this affordance enables subjects to 
make manipulations with more confidence. 
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RotatIon control was more coordinated with zero order control than WIth 1st order control 
even though the spacemouse controller provided more potential for integrated 
manipulation. This may have been due to the more direct link between cursor and target 
movement. 
10.3.4. Object Manipulation 
Effects on performance In 1 modality leaked into other modahties. TranslatIon 
performance was inhibited both in terms of tune to complete matching tasks and 
efficiency. This effect was linked WIth the performance of the rotatIon controllers. 
Across all the experunents all measures were degraded from the single mode 
experiments. This provided significant evidence of increase attentlOnalloading as 
associated with the addition of control elements. 
Performance with a specific controller can be characterised In terms of raw performance 
but also in terms of how the performance is affected during the successive combination of 
interface components. This was Illustrated In the performance of the S+ 3DR controller 
Here, although performance was better than the spacemouse, the complexity of the task 
sigmficantly effected the performance of the components of the interface Thus, when the 
subject was matching complex rotations then translation control performance was 
degraded 
Using the bimanual controllers subjects tended to adopt a fast acquisitIon strategy wluch 
was Illustrated when the subjects failed to respond to the higher components of the track 
with the bimanual controllers. It appeared that the effect was prevalent In the rotatIon 
component and was leaked into the translation component This effect alluded to the 
magnetic effect (see chapter 2) in bimanual control. However, in this case there was a 
spatial component to the effect as well as a temporal one. 
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10.3.5. Travel 
The performance of travel interfaces can be analysed in tenns of the manual component 
of the task. This gave an opportunity to analyse the link between the control structure of 
the Interface and the control demands of the task.. The ensuing study provided yet more 
evidence that the control structure of the interface must match the control structure of the 
task for optImum perfonnance. Providing extraneous degrees of freedom or functIOnality 
can lead to cross-coupling. This experimental paradIgm provides a means of identIfYing 
this facet of control. 
10.3.6. Contributions 
The major contrIbutions of the research are illustrated below, 
I. A framework for the evaluation and examination of control in virtual environments. 
2. A comprehensive review of the literature pertaining to control in virtual environment 
applications. 
3 A senes of novel Interfaces were designed and implemented 
4. A significant software repository for the implementation of the tasks and analysis of 
the data. 
5. The status quo rotation matching task was examined and networked. 
6. A configurable target tracking task was developed and implemented 
7. Design guidelines for the implementation of object manipulation and virtual travel 
interfaces. 
8. Insights into user strategies with one and two handed controllers. 
10.4. Future Work 
There are a variety of work areas wIDch could build on the work conducted in this thesis. 
This section will propose some ideas for future studies. 
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The studIes in this thesis utIhsed new, fairly complex controllers. The experimental task 
paradigm can extend the knowledge base associated with interface design for multi-
dimensional tasks by considenng more straightforward interfaces such as zero order 
6DOF devices such as the Polhemus or Ascension magnetic trackers, against devices 
such as the spaceball. 
The bimanual interfaces bUilt on the assumption that the ideal two handed interface for 
6DOF manipulation would involve the non-dominant hand providing the frame of 
reference (translation) for the dominant hand (rotation). It would be interestmg to validate 
this assumption using the techniques developed in this thesis. 
In many task Situations the rotation and translation components may have differing 
difficulty levels This was something that was not addressed within this thesIs. An 
interesting study might consider a vanety of differing task difficulties. This is easily 
achieved by changing the constituent sine waves for the tracking task.. In this way it 
would also be mteresting to associate the raw perfonnance measures With subjective 
measures to help identify specific issues with the control devices. 
The shape of the cursor appeared to have an effect on tracking perfonnance. It would be 
an interesting exercise to try a variety of symmetrical and asymmetncal cursors in 
matching and tracking tasks Also, certain other affordances within the task environment 
appeared to have effects on perfonnance. Affordances such as collision indicators and 
rotation arcs, may improve perfonnance The experimental paradIgm described in this 
thesis would draw out these perfonnance benefits, If they existed. 
Coordination provides a reasonable measure of what proportion of the track the subject 
was tracking all elements ofthe target's motion witlun an acceptable limit. However It 
does not reveal what is happening in the other parts of the track. Further measures may be 
utilised to build the picture of user strategies and limitations. 
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The travel tracking task affords a variety of opportunities associated with the design of 
vanous interfaces The track may easIly be adapted to off trackmg in 2 and 3 dimensions 
depending on the goal of the interface. The effects of depth perception and spatial 
awareness issues may be drawn out with tms experunental paradigm. Travel trackmg 
may also be adapted to cater for the study of simulator sickness. 
One of the big problems in analysing control interfaces is how the components of the 
interface interrelate. This is especially prevalent when combining navigation and object 
manipulation components. Study of this combined problem space would necessitate a 
different type of task where the subtasks are combined in terms of a higher level task 
Analysing this sort of task objectively would be difficult, but could be developed around 
a combination oftrackmg and matching tasks which are presented sequentially. The order 
of the task could be varied 
10.5. Chapter Summary 
This chapter has summarised the thesis and drawn together the conclusions from the 
different studies to provide some higher level observations about performance The 
contnbutions of the thesis were listed and pointers to future work were made expliCitly. 
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Appendix 1 : Component Analyses of 
Tracking 
AI.I Experiment 4: 
Dominant Hand 
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Figure At.t.t Gain plot of response in X for the dominant hand For each subject in 
each comhtiOn the correlation between amplitude and frequency was computed (n = 8 
sample frequencies), (see Wickens and Gopher, 1977). The median correlation 
coefficient for gain was calculated to be 0.331. 
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Figure AI.I.2 Gain plot of response in Y for the dominant hand. The correlatIOn 
coefficient was 0 064. 
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Figure AI.I.3. Gain plot of response III Z for the dominant hand. The correlation 
coefficient was -0.936. 
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Non Dominant Hand 
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Figure Al.l.4 Gain plot for response in X for the non-dommant hand. The correlation 
coefficient was -0.467. 
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Figure Al.l.S Gain plot of response m Y for non-dommant hand. The correlatIOn 
coefficient was 0.321. 
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Figure Al.l.6. Gain plot of response in Z for non-domlnant hand. The correlation 
coefficient was -0.703. 
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AI.2 Experiment 6 
Spacemouse + 3D Rotator 
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Figure At.2.t Gain plot of response in X for the Spacemouse and 3D Rotator 
Combination The correlatIOn coefficient was -0 927 
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Figure At.2.2 Gain plot of the response in Y for the Spacemouse and 3D Rotator. The 
correlation coefficient was -0.863 
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Figure Al.2.3. Gain plot of the response In Z for the Spacemouse and 3D Rotator. The 
correlation coefficient was -0.954. 
Spacemouse + Augmented 3D Rotator 
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Figure Al.2.4 Gain plot for the X Component of the Spacemouse and augmented 3D 
Rotator. The correlation coefficient was -0.762 
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Figure Al.2.S Gain plot for the Y Component of the Spacemouse and augmented 3D 
Rotator. The correlation coefficient was -0 698 
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Figure Al.2.6. Gain plot for the Z Component of the Spacemouse and augmented 3D 
Rotator. The correlatIOn coefficient was -0.925. 
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Spacemouse 
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Figure At.2.7 Gam plot for the X Component of the Spacemouse. The correlation 
coefficient was 0 263 L 
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Figure At.2.8 Gain plot for the Y Component of the Spacemouse. The correlation 
coefficient was 0 37695 
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Figure Al.2.9. Gain plot for the Z Component of the Spacemouse. The correlation 
coefficient was -0.783. 
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